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OT) is a yellow-orange soluble derivative that undergoes a strong
470 nm). This is due to a photoreaction (Fr¼ 5.9� 10�3) that leads to
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INTRODUCTION


Anthracenes are well known to display photochromic
properties. The photodimerization occurs upon irradia-
tion with near UV light (<400 nm) and results in a blue
shift (ca. 100 nm) of the absorption spectrum, whilst the
back reaction (photocleavage) generating the starting
material requires shorter excitation wavelengths
(<300 nm).1


Tetracene shows comparable properties,2 but has been
less studied mainly because of its poor solubility in the
usual solvents and organic matrices. Currently, only very
few tetracene derivatives have been prepared due to their
non-straightforward syntheses and moderate solubility,
hampering their development in the fields of high density
information storage or molecular electronics.3,4 Never-
theless, these compounds are of interest because they
offer a strong absorption in the visible range, in contrast to
anthracenes which usually absorb mainly in the near UV
range, and are expected to form photodimers upon visible
light irradiation exhibiting a large hypsochromic shift
(from visible to UV range) due to the formation of
naphthalene chromophores. In addition, the photoreac-
tivity of the tetracene core is not well known especially in
relation with the nature and the position of the
substituent(s) which for symmetry, electronic, or steric
reasons affects the reaction pathways. In the present paper
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we report the photoreactivity of a 2,3-tetracene derivative
that is fairly soluble in various solvents and is furthermore
able to self-assemble into organogel fibers under certain
conditions.3b The characterization and stability of the
photoproducts are also reported.

RESULTS


When a sample of 2,3-didecyloxytetracene (2,3-DDOT;
see synthesis, NMR and HRMS in Reference 3b) in
cyclohexane is irradiated for 24 h by visible light, a
bleaching of the solution was observed. Four photodimers
were isolated by column chromatography as the major
products. Although a fifth photoproduct was detected by
TLC in trace amount, it could not be isolated and
characterized. The photoproducts were isolated as oils or
waxy solids and were stable over months, but no single
crystals could be obtained, preventing thus X-ray
analysis. The characterization by mass spectrometry or
elemental analysis did not meet with success either, as
already experienced previously with n-acene photopro-
ducts.1,3,5 Hence, the structures of the photodimers were
determined by one- and two-dimensional NMR spec-
troscopy and supported by electronic absorption spec-
troscopy.


From 1H, 13C, HSQC, and HMBC NMR experiments,
all the resonance signals in each four isolated photodimer
were fully and unambiguously assigned (see Scheme 1 for
the numbering of protons and experimental section). In
the four photodimers, the 13C NMR signals of the carbon
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Scheme 1. The six expected photodimers involving the tetracene central rings
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in position C-2/3 (singlets) are the most deshielded
because of their substitution with oxygen atoms, and thus
can be safely attributed. As shown by HMBCNMR, these
carbons are the sole to be correlated to the O—CH2 of the
alkoxy chain. Similarly, due to the proximity of oxygen,
the protons H-1/4 are expected to be the most shielded
ones (this is confirmed a posteriori for D1, D2, and D4).
The attribution of the protons H-1/4 is confirmed by the
correlation observed in HMBC NMR with the C-2/3. In
1H NMR, all the protons display a singlet except the
protons H-7/10 and H-8/9 (doublets, 1H–1H coupling
constant is typically about 8.7Hz). The signals of the
protons H-7/10 and H-8/9 are clearly observed, as well as

Copyright # 2007 John Wiley & Sons, Ltd.

those of the protons H-1/4. This proves that the
aromaticity of the terminal rings (1H in positions 1, 4,
7, 8, 9, and 10) is preserved in all the photoproducts and
are thus not directly involved in the photocycloaddition
reaction. Thus, only six possible photodimers can
theoretically be expected from reactions resulting from
a 4þ 4 cycloaddition of the central rings (Scheme 1).
Three photodimers can be classified as syn (head-
to-head), whereas the three others as anti (head-to-tail)
photodimers. Among these two subgroups, the cycload-
dition can either involve the same ring of both subunits
(two cases each) resulting in plano- or centrosymmetric
compounds, or two different rings (non-symmetric).
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NMR reveals the symmetry of two photoproducts, as
they present in the aromatic region only four signals in
1H NMR and eight in 13C NMR (Figure 1). These spectra
thus correspond to photodimers of structure D1, D3, D5,
or D6. In contrast, the two other photodimers display
double the amount of signals, and can thus be attributed to
the two possible non-symmetric photodimers of structure
D2 and D4.


The symmetric photodimers display a correlation of the
protons H-7/10 and H-8/9 with the most proximal ternary
carbon C-6a/10a, as found by HMBC NMR. The next
proximal correlation of C-6a/10a occurs with the protons
H-6/11, which are in this case the non-aromatic bridge-
head protons.3a Since the cycloaddition involved
de-aromatization of protons H-6/11 and H-60/110 and
formation of C—C bonds C-6-60 and C-11-110, we can
conclude that only D1 and D3 are formed, whereas D5
and D6 are not detected. The distinction between syn and
anti photodimers is discussed later. The successive
analysis of HMBC, HSQC, and one-dimensional NMR
signals allows to precisely assign the other signals.


In the case of the non-symmetric photodimers D2/D4
(Figure 2), in the first unit the carbon C-6a0/10a0 correlates
with the protons H-70/100, H-80/90, and H-60/110. In this
case, protons H-60/110 are non-aromatic. Similarly, in the
case of the signals of the second unit, the carbon C-6a/10a
correlates with the protons H-7/10, H-8/9, and H-6/11. In
contrast to the first unit, the protons H-6/11 in the second
unit are aromatic. This implies that the cycloaddition
involves the formation of the C—C bonds between 5-60


and 12-110 vertices, respectively.
In order to definitely differentiate between the


photodimer pairs D1/D3 and D2/D4, we have used
different experimental data. In a unique case, with the
photodimer D4 (Figure 2), a ROESY experiment has
afforded a through-space 1H–1H correlation. The inter-
action occurs between the protons H-1/4 (resp. H-10/40)
and H-70/100 (resp. H-7/10). This clearly indicates thatD4
corresponds to the non-symmetric anti photodimer. Thus,
D2 corresponds to the non-symmetric syn photodimer.


In order to confirm this attribution, and distinguish all
the photodimers, we have also analyzed the shielding
ring-current effects of the naphthalene core of one unit on
the protons H-8/9 (or H-80/90) of the other unit. Knowing

Figure 1. (a) 13C NMR spectrum of D1 (symmetric); (b) 13C NM
assignment of the signal is reported in the experimental section


Copyright # 2007 John Wiley & Sons, Ltd.

the structure of D2, we can indeed observe that the
protons H-80/90 are situated above the center of the
naphthalene core and shielded by 0.65 ppm as compared
to the non-affected protons H-8/9 (6.62 vs. 7.27 ppm) (see
structures in Scheme 1 and summary of chemical shifts in
Table 1). In the case of the D4 photodimer, the difference
is smaller (0.38 ppm) and protons H-8/9 are barely
shielded (7.18 ppm). This is linked to the fact that
the protons 8/9 are off-centered relatively to the oppo-
site naphthalene core. The protons H-80/90 (6.80 ppm) are
shielded by the opposite, structurally close benzene core
including the carbons C-2/3.


A similar analysis allows to distinguish between the
photodimers D1 and D3. Indeed, the protons H-8/9 (H-80/
90) of the photodimer D3 have a chemical shift of
6.59 ppm, similar to that of H-80/90 of D2 (6.62 ppm),
clearly demonstrating the shielding due to the opposite
naphthalene core. The structure D3 can thus be attributed
to the symmetric anti photodimer. For the last compound
D1, the protons H-8/9 (H-80/90) have chemical shifts of
6.81 ppm, identical to those of H-80/90 of D4 (6.80 ppm).
D1 is thus the symmetric syn photodimer. A supple-
mentary confirmation can be obtained by comparative
analyses of the absorption spectra of the photodimers.


UV–Visible absorption spectroscopy is the classical
technique to characterize the yellow-orange colored
tetracene derivatives and their photochromic properties.
Upon irradiation, a solution of monomer is bleached in
the visible region of the spectrum (Figure 3, top) since the
photodimers are uncolored and absorb in the UV range.
Similar spectroscopic variations had also been observed
during the photodimerization of the 5,12-DDOT deriva-
tive.3a,c This is related to the loss of aromatic conjugation
over the four rings upon photodimerization, resulting in
absorption patterns closely related to those of naphtha-
lene. At the lowest energies, two weak absorption bands
are observed around 320 and 350 nm (Figure 3, bottom).
These bands were attributed to the 1Lb transition of the
naphthalene cores.6 At higher energies, the photoproducts
display a very strong absorption in which two components
at 230 and 255 nm may be distinguished, with relative
intensities depending on the photodimer structure
(Figure 3). These contributions are due to the longitudinal
transitions of the naphthalene cores.6 It appears that for

R spectrum of D2 (non-symmetric) (CDCl3, RT). Complete
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Figure 2. 1H NMR spectrum of D4 (non-symmetrical) (DCCl3, RT). Curved arrows indicate the main HMBC correlations (see
text). The black arrow indicates the ROESY correlation in D4
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D3 and the anti photodimer of 5,12-DDOT the higher
energy band (around 230 nm) is weak and not directly
observed.3a These two photodimers are the only
centro-symmetric compounds, suggesting that the tran-
sition at 230 nm is weakened due to the symmetry. In the
case of D3, D2, and the anti photodimer of 5,12-DDOT,
the band at 255 nm is clearly visible. In contrast, for D1,
D4, and the syn-photodimer of 5,12-DDOT the equivalent
band is weak or shifted to lower wavelengths. This
suggests a coupling of the longitudinal dipolar transition
moments of the naphthalene cores. Indeed, the structures
of the latter photodimers clearly indicate that the
naphthalene cores are sufficiently close and well aligned,
favoring the phenomenon. In agreement with the above
attributions of the UV absorption, the fluorescence
exhibited by the photodimers (see supporting infor-
mation) is characteristic of the naphthalene chromophore.


The photoreaction quantum yields Fr (measured in
degassed medium) were found in fluid solution to be
5.9� 10�3 and very similar to that obtained for the 5,12
derivative (Fr¼ 6.5� 10�3).3a The di-substitution pat-

Table 1. Chemical shifts of 8/9 (or 80/90) protons in the four iso


D1 D2


Attribution Syn/symm Syn/non-sym
d 8/9 (ppm) 6.81 7.27
d 80/90 (ppm) 6.81 6.62


Note the important shielding observed for D2 (H-80/90) and D3 (H-8/9 and H-80


Copyright # 2007 John Wiley & Sons, Ltd.

tern does thus not significantly change the reactivity of the
tetracene chromophore. This value is also very close to
that of the photodimerization of a comparable anthracene
derivative, 1,4-didecyloxyanthracene (Fr¼ 6.5� 10�3).7


In contrast to the photodimers obtained from the 5,12
derivative, the syn and anti photoproducts were unex-
pectedly found to be photostable under our experimental
conditions and did not reverse to the starting material
(2,3-DDOT). In addition, they display a good thermal
stability as they only slowly form the 2,3-DDOT
monomer upon heating of a toluene solution at 80 8C
for several hours.

DISCUSSION AND CONCLUSION


As expected, the photocycloaddition occurs exclusively
with the two central rings of the tetracene core. This has
already been observed with non-substituted tetracene,2


and generally with anthracene,1 and is in correlation with
the electronic density on the two vertices of the central

lated photodimers


D3 D4


m Anti/symm Anti/non-symm
6.59 7.18
6.59 6.80


/90), shown in bold.
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Figure 3. (Top) Evolution of the absorption of 2,3-DDOT upon irradiation at 470 nm (5 nm bandwidth) with increasing time,
from 0 to 215min: (left) electronic absorption spectrum, (right) O.D. at 470 nm. Note the decrease of tetracene absorption in the
visible range and the growth at ca. 340 nm of the naphthalenic component. (Bottom left) Extinction coefficients e (M�1 cm�1) of
photodimers D1 and D3, (bottom right) e of photodimers D2 and D4 (MCH, RT)


Table 2. Photodimerization quantum yields (Fr, �15%) of
2,3-DDOT (in fluid solution and in gel phase) and 5,12-DDOT
at RT


Solvent
Conc. (10�3 M)
or rel. conc. (%) Phase Fr


5,12-DDOT MCH 10 Sol. 6.5
2,3-DDOT MCH 0.5 Sol. 5.9
2,3-DDOT-D1 (19 %) 1.1
2,3-DDOT-D2 (21%) 1.2
2,3-DDOT-D3 (29%) 1.7
2,3-DDOT-D4 (31%)b 1.8
2,3-DDOT DMSOa 1.0 Gel <0.2


For each photodimer obtained for 2,3-DDOT in MCH,Fr as well as relative
concentration (in brackets) are reported.
a In fluid DMSO solution (0.1� 10�3M) the photoreactivity was found to be
higher (ca. 0.02), but the photoproducts in DMSO have not been isolated
and their respective distribution not established.
b Contains trace amounts of a fifth photoproduct.
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rings. A less predictable observation is that the symmetric
photodimers involving the positions 5,12 are not detected,
whereas the other four combinations occur. This absence
of photodimersD5/D6 cannot be explained at this stage of
our studies, and might tentatively be attributed to a lack of
reactivity due to electronic effects or geometrical factors
in the transition state (excimer-like species), or to a
thermal instability of the photodimers D5/D6 (as
suggested by preliminary calculations8). By comparison,
for the 5,12-DDOT, the cycloaddition involving the 5,12
positions did also not occur and only the photodimers
involving the carbons 6,11 had been formed.3a


The quantum yields Fr reveal that the two anti
photodimers are formed more efficiently than the two syn
photodimers (ratio 60/40). This slightly higher reactivity
is probably due to the propensity of the 2,3-DDOT to
preorganize at low concentration due to a favorable
head-to-tail dipole–dipole interaction.3 In the gel phase,
where the molecules are self-assembled into nanofibers,

Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 838–844
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Fr is significantly reduced (<2� 10�4, Table 2), invol-
ving a strong stabilization of the tetracene towards
photoreactions. This is probably connected to the rigid
and specific molecular packing within the fibers which
impedes the photodimerization.3b In addition, rapid
deactivation of the reactive excited states could be linked
to efficient excitation energy transfer occurring within the
fiber towards non-reactive energy traps.9 As the sol–gel
transition is thermo-reversible (sharp phase transition)
and adjustable to room temperature, the system is of
interest for combined photo- and thermochromic appli-
cations.


The strong photo-induced color change, from yellow-
orange to non-colored, is a clear indication of the
potential of these compounds as photochromic sub-
stances. In this, they result similar to the well-exploited
anthracene derivatives, presenting the large advantage of
an absorption in the visible wavelength range. This family
of photochromic acenes can furthermore be extended to
soluble di-substituted pentacenes, which display higher
absorption wavelengths.10

EXPERIMENTAL SECTION


Irradiation and chromatography


The quantum yield of the 2,3-DDOT photodimerization
was measured relatively to the photochemical reduction
of K3Fe(C2O4)3 � 3H2O (Parker actinometer).11 Two
samples of 2,3-DDOT were prepared in 1mm optical
cells, degassed by freeze-thaw cycles and then irradiated
with a 2 kW xenon-lamp at 470 nm. The photosynthesis
was performed in cyclohexane saturated with Ar and
irradiated for 24 h with a 1000W halogen lamp in Teflon
capped glass reactor equipped with a magnetic stirrer
(Duran glass: transmittance 5% at 285 nm, 10% at
290 nm). The volumes of the solution were determined by
calibration of the height of solution in the cell and are
calculated after the freeze-thaw procedure. The initial
concentration is determined using the optical density of
the solutions. The decrease in OD of the cells due to the
photodimerization is taken into consideration. After the
reaction, the solvent is evaporated under vacuum and the
resulting mixture is separated, using column chromatog-
raphy (‘Kieselgel 60’ (70–230 mesh), Merck KgaA
(Darmstadt) under N2 pressure).


2,3-DDOT (600mg, 1.11mmol), cyclohexane
(22mL), solvent for chromatographic separation:
DCM/ pentane (1:3) to pure DCM, further separation
of the photodimers by several runs of column chroma-
tography, solvent: 15% DCM/pentane to 25% DCM/
pentane. Besides 123mg (21%) of 2,3-DDOT, the
following photodimers were obtained as waxy, nearly
colorless solids: D1: 61mg (10%); D2: 67mg (11%); D3:
85mg (15%); D4þfifth photoproduct (trace amounts):
94mg (16%).

Copyright # 2007 John Wiley & Sons, Ltd.

NMR and optical spectroscopy


IR spectroscopy. It was performed on KBr pellets on a
Nicolet 320 FT-IR-spectrometer or on a diamond ATR
spectrometer Bruker Tensor 27. The intensity of the bands
is abbreviated with w (weak, up to 33% of the most
intense band), m (medium, 34–67% of the most intense
band), and s (strong, more than 68% of the most intense
band).


UV/Vis absorption spectroscopy. In Braunschweig,
Beckman UV 5230 spectrometer was used. As solvent,
DCM of spectroscopic pure quality was used, unless
otherwise stated. In Bordeaux, a Hitachi U-3300
spectrometer was used.


NMR spectroscopy. 1H and 13C NMR spectra were
measured in deuterated chloroform using tetramethylsi-
lane (TMS) as internal standard. The multiplicities are
abbreviated as follows: s¼ singlet, d¼ doublet, t¼ triplet,
q¼ quartet, m¼multiplet, mc¼multiplet center (used
for higher order spin systems).


The coupling constants for the AA‘XX’-spin system of
some compounds were analyzed by iterative calculation,
using the WinDAISY 4.1 software (Bruker Rheinstetten).
R-factors are generally better than 0.85%. In the cases
where the spin system was not calculated, the distance
between the outer signals is given in Hz (N-values). The
following spectrometers were used: Bruker AC 200:
1H NMR (200.2MHz), 13C (50.3MHz); Bruker DRX
400: 1H NMR (400.1MHz), 13C (100.6MHz).


D1: IR (ATR): n¼ 2922 cm�1 (s), 2853 (s), 1613 (w),
1505 (m), 1488 (w), 1462 (s), 1414 (w), 1386 (w), 1259
(s), 1195 (w), 1161 (s). UV (DCM): lmax (lg e)¼ 236 nm
(5.03), 245 (5.02, sh), 305 (3.68), 321 (3.93), 336 (4.01).


1H NMR (400MHz, CDCl3): d¼ 7.20 (s, 4 H, 12/5/
12050-H), 6.94 (mc, N¼ 8.6Hz, 4 H, 10/7/100/70-H), 6.81
(mc, N¼ 8.7Hz, 4 H, 9/8/90/80-H), 6.80 (s, 4 H, 4/1/40/
10-H), 4.74 (s, 4 H, 11/6/110/60-H), 3.94–3.91 (m, 8 H, 23/
13/230/130-H), 1.80–1.77 (m, 8 H, chain), 1.44–1.42 (m, 8
H, chain), 1.31–1.26 (m, 32 H, chain), 0.89–0.86 (m, 12
H, 22/32/220/320-H). 13C NMR (100MHz, CDCl3):
d¼ 148.8 (s, C-3/2/30/20), 143.6 (s, C-10a/6a/10a0/6a0),
139.2 (s, C-11a/5a/11a0/5a0), 127.5 (s, C-12a/4a/12a0/4a0),
127.0 (d, C-10/7/100/70), 125.6 (d, C-9/8/90/80), 124.0 (d,
C-12/5/120/50), 107.9 (d, C-4/1/40/10), 68.7 (t, C-23/13/
230/130), 53.9 (d, C-11/6/110/60), 31.9, 29.63, 29.58, 29.45,
29.35, 29.2, 26.1, 22.7 (t, chain), 14.1 (q, C-32/22/320/
220).


D2: IR (ATR): n¼ 2921 cm�1 (s), 2852 (s), 1611 (w);
1502 (m), 1462 (m), 1415 (w), 1382 (w), 1307 (m), 1256
(s), 1187 (w), 1162 (m).UV (DCM): lmax (lg e)¼ 234 nm
(4.38), 248 (4.32, sh), 274 (3.87, sh), 320 (3.19), 335
(3.29).


1H NMR (400MHz, CDCl3): d¼ 7.57 (mc,
N¼ 9.4Hz, 2 H, 10/7-H), 7.35 (s, 2 H, 11/6-H), 7.27
(mc, N¼ 9.4Hz, 2 H, 9/8-H), 7.20 (s, 2 H, 120/50-H),
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6.89–6.87 (m, 4 H, 40/10-H and 100/70-H), 6.62 (mc,
N¼ 8.6Hz, 2 H, 90/80-H), 6.51 (s, 2 H, 4/1-H), 4.69 (s, 2
H, 110/60-H), 4.68 (s, 2 H, 12/5-H), 4.03–3.99 (m, 4 H, 230/
130-H), 3.72–3.68 (m, 4 H, 23/13-H), 1.91–1.82 (m, 4 H,
chain), 1.59–1.44 (m, 8 H, chain), 1.37–1.25 (m, 52 H,
chain), 0.90–0.86 (m, 12 H, 32/320/22/220-H). 13C NMR
(100MHz, CDCl3): 149.0 (s, C-30/20), 146.9 (s, C-3/2),
143.2 (s, C-10a0/6a0), 141.7 (s, C-11a/5a), 139.2 (s,
C-11a0/5a0), 136.1 (s, C-12a/4a), 132.0 (s, C-10a/6a),
127.7 (s, C- 12a0/4a0), 127.10 (d, C-10/7), 127.05 (d,
C-100/70), 125.6 (d, C-90/80), 124.93 (d, C-9/8), 124.88
(d, C-11/6), 123.9 (d, C-120/50), 115.1 (d, C-4/1), 108.0
(d, C-40/10), 69.9 (t, C-23/13), 68.9 (t, C-230/130), 53.9 (d,
C-110/60), 53.5 (d, C-12/5), 31.9, 29.68, 29.65, 29.61,
29.5, 29.4, 29.38, 29.2, 29.16, 26.13, 29.09, 26.0, 22.7
(t, chain), 14.1 (q, C-32/320/22/220).


D3: IR (ATR): n¼ 2956 cm�1 (m), 2920 (s), 2852 (s),
1613 (w), 1501 (m), 1464 (m), 1406 (w), 1390 (w), 1251
(s), 1199 (m), 1158 (m), 1110 (m), 1014 (w). UV (DCM):
lmax (lg e)¼ 255 nm (5.06), 320 (3.98), 336 (4.21).


1H NMR (400MHz, CDCl3): d¼ 7.12 (s, 4 H,
12,5,120,50-H), 6.83 (mc, N¼ 8.7Hz, 4 H, 10,7,100,70-H),
6.81 (s, 4 H, 4,1,40,10-H), 6.59 (mc, N¼ 8.7Hz, 4 H,
9,8,90,80-H), 4.66 (s, 4 H, 11,6,110,60-H), 3.98–3.89 (m, 8
H, 23,13,230,130-H), 1.79–1.73 (m, 8 H, chain), 1.44–1.35
(m, 8 H, chain), 1.30–1.20 (m, 56 H, chain), 0.83–0.80
(m, 12 H, 32,22,320,220-H). 13C NMR (100MHz,
CDCl3): d¼ 148.8 (s, C-3,2,30,20), 143.2 (s, C-10a,6a,
10a0,6a0), 139.4 (s, C-11a,5a,11a0,5a0), 127.5 (s, C-12a,
4a,12a0,4a0), 127.0 (d, C-10,7,100,70), 125.5 (d, C-9,8,90,80),
123.8 (d, C-12,5,120,50), 107.8 (d, C-4,1,40,10), 68.7 (t,
C-23,13,230,130), 53.8 (d, C-11,6,110,60), 31.9, 29.6,
29.59, 29.5, 29.4, 29.2, 26.1, 22.7 (t, chain), 14.1 (q,
C-32,22,320,220).


D4: IR (ATR): n¼ 2922 cm-1 (s), 2853 (s), 1612 (w);
1501 (s), 1462 (m), 1415 (w), 1382 (w), 1304 (m), 1257
(s), 1229 (s), 1161 (m), 1110 (w), 1080 (w). UV (DCM):
lmax (lg e)¼ 232 nm (5.05), 320 (3.79), 329 (3.71), 337
(3.82).


1H NMR (400MHz, CDCl3): d¼ 7.49 (mc,
N¼ 9.4Hz, 2 H, 10/7-H), 7.34 (s, 2 H, 11/6-H),
7.18-7.16 (m, 4 H, 9/8-H, and 120/50-H), 6.93 (mc,
N¼ 8.7Hz, 2 H, 100/70-H), 6.80 (mc, N¼ 8.6Hz, 2 H, 90/
80-H), 6.77 (s, 2 H, 40/10-H), 6.53 (s, 2 H, 4/1-H), 4.70 (s, 2
H, 110/60-H), 4.69 (s, 2 H, 12/5-H), 3.92 (t, 3J¼ 6.7Hz, 4
H, 230/130-H), 3.84–3.78 (m, 4 H, 23/13-H), 1.79–1.75
(m, 4 H, chain), 1.69–1.65 (m, 4 H, chain), 1.42–1.25 (m,
56 H, chain), 0.90–0.86 (m, 12 H, 32/22/320/220-H).
13C NMR (100MHz, CDCl3): d¼ 148.7 (s, C-30/20),
146.9 (s, C-3/2), 143.3 (s, C-10a0/6a0), 141.5 (s, C-11a/
5a), 139.2 (s, C-11a0/5a0), 136.2 (s, C-12a/4a), 131.9 (s,
C-10a/6a), 127.5 (s, C-12a0/4a0), 127.1 (d, C-10/7), 126.9
(d, C-100/70), 125.7 (d, C-90/80), 125.0 (d, C-11/6), 124.9

Copyright # 2007 John Wiley & Sons, Ltd.

(d, C-9/8), 124.0 (d, C-120/50), 114.9 (d, C-4/1), 107.8 (d,
C-40/10), 69.9 (t, C-23/13), 68.7 (t, C-230/130), 53.9 (d,
C-110/60), 53.5 (d, C-12/5), 31.9, 29.65, 29.61, 29.56,
29.43, 29.41, 29.36, 29.34, 29.26, 29.1, 26.04, 25.96,
25.87, 22.7 (t, chain), 14.1 (q, C-32/22/320/220).
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ABSTRACT: Previously unknown spiro compounds of thienopyrroline series were synthesized by a convenient
method starting from easily accessible 3-hydroxythiophene derivatives. The photochromic properties of spiro
compounds of thienopyrroline series were studied. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Most of the known photochromic spiro compounds are
indole derivatives.1–4 It seemed of interest to synthesize
close analogs of these substances containing thie-
no[3,2-b]pyrrole fragments instead of indole ones. Such
a replacement of the benzene ring in photochromic
systems with electron rich thiophene cycle could give rise
to new valuable properties and allows further chemical
modification of products.


In this paper we summarize the results on the synthesis
and some spectral and photochromic studies of spiro
compounds based on thienopyrrole derivatives. A special
emphasis is given to the methods of the preparation of the
starting materials (thienopyrrolenines) and target spiro
compounds. The studies on photochromic and spectral
properties of spiro compounds of thienopyrroline series
are presented.

Scheme
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RESULTS AND DISCUSSION


Synthesis of spiro compounds


As starting compounds for the synthesis of spiro
compounds of thienopyrroline series IV and V easily
accessible thiophen-3-ones (or 3-hydroxythiophenes) I
were used. This synthetic route involves four simple
stages, including the cyclization of hydrazones (thienyl-
hydrazine derivatives) II with 3-methylbutan-2-one
under Fischer reaction conditions (Scheme 1). It
should be noted that although this reaction is widely
used to prepare indolenine derivatives, it had not been
used for the synthesis of thienopyrrolenines until now.5–7


We have investigated this reaction using different
solvents and acid catalysts and found that the
better yields of thienopyrrolenines III were obtained
when thiophen-3-one hydrazones II reacted with

1.
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E-mail: mkray@ioc.ac.ru
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3-methylbutan-2-one in benzene in the presence of dry
hydrogen chloride.


By this synthetic strategy previously unknown thie-
nopyrrolenines IIIa–d were prepared in moderate yields.
This method has been reported in detail recently.8


Spiropyrans IVa–h of the thienopyrroline series were
prepared via the classical route (Scheme 2) from the
appropriate thienopyrrolenines IIIa–d. The scheme of the
synthesis includes alkylation of thienopyrolenine by akyl
triflates to afford salts VI. The reaction of VI with
different derivatives of salicylic aldehyde yielded to
desired spiropyrans, whose structures were proved by
1H and 13C NMR spectroscopy, mass spectrometry, and
confirmed by elemental analyses. In the 1H NMR spectra
of spiropyrans, signals of the H-atoms of the pyran ring
appeared as the AB-quartet with JAB¼ 10.0 Hz.5 The
spin–spin coupling constants are in good accordance with
the published data for spiropyrans of the indole series9 so

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

that the structures of the obtained spiro compounds were
confirmed.


Spirooxazines V based on thienopyrrole were prepared
by the condensation of salts VI with o-nitrosonaphthol or
phenanthrene-9,10-dione oxime in the presence of a base
(Scheme 3).

Photochromic studies


We have studied the photochromic properties of novel
spiro compounds of thienopyrroline series. UV-irradiation
of solutions of spiropyrans IVand spirooxazines V results
in coloration due to the photoinitiated ring-opening
reaction leading to the formation of the merocyanine
isomers B (Scheme 4).


In Fig. 1, the spectral changes of the photochromic
spiropyran IVg in ethanol solution under UV-irradiation
(lir¼ 365 nm) at 203 K are presented. The spectral pattern
closely resembles that reported for other photochromic
spiropyrans.10,11


This spectrum is typical for the compounds IV and V.
The long wavelength absorption bands of the merocya-
nine forms B of spiro compounds IV and V in ethanol
solutions have maxima at 525–626 nm. Our investigation
shows that, unlike the indoline analogs, the thermal back
reaction (B to A) of these compounds were very fast at
room temperature, so the absorption spectra were
recorded at 203 K.


Some spectral and kinetic data for spiropyran IVf and
spirooxazines Vc,d are reported in Table 1. As expected,
the absorption maxima of ring-opened form B, the rate
constants of ring-opening reaction and activation energy
for the thermal decoloration of these spiro compounds
depend on solvent polarity. The absorption maximum of
the ring-opened form B of spiropyran IVf in ethanol

2.
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Scheme 3.


Scheme 4.


Table 1. Spectral and kinetic data of spiropyran IVf and spiroox


Compounds


lmax(A) nm lmax(B) nm


Toluene EtOH Toluene EtOH


IVf 333 335 613 541
Vc 351 350 620 633
Vd 346 344 610 626


Figure 1. Absorption spectra of the compound IVg
(C¼1.0.10�4mol � L�1) in EtOH at T¼203K under UV
irradiation (lir¼ 365nm, Dt¼ 30 s)


Copyright # 2007 John Wiley & Sons, Ltd.
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solution is blue shifted as compared with that in toluene.
On the contrary, the absorption bands of merocyanine
form B of spirooxazines Vc,d in ethanol solutions are
bathochromically shifted in comparison with those in
toluene solution. The lifetimes of ring-opened forms of
these compounds in ethanol solution are longer than in
toluene that may be explained by the increasing of
activation energy for the thermal decay in ethanol.


Table 2 presents spectral data of closed (A) and colored
(B) isomers of spiropyrans IV and spirooxazines V in
toluene solutions. The absorption maxima of ring-closed
forms A are observed at 296–333 nm except that of
spiropyran IVc that absorbs at 436 nm. This effect is
obviously caused by the presence of the nitro group on the
1-benzothieno[3,2-b]pyrrole system. The merocyanine
forms B obtained after irradiation of the solutions with
UV light absorb at 610–630 nm.

azines Vc,d in ethanol and toluene solutions at 203K


k0(AB) s�1 Ea(BA) kJ/mol


Toluene EtOH Toluene EtOH


1.08 � 1016 — 98.5 —
1.34 � 1011 1.92 � 1018 65.5 108.6
9.11 � 1012 9.08 � 1017 75.5 100.8
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Table 2. Spectral data of spiropyrans and spirooxazines in
toluene


Compounds lmax(A) nm lmax(B) nm


IVa 336 —
IVb 325 620
IVc 436 —
IVd 326 628
IVf 333 613
Va 296 626
Vc 351 620
Vd 346 610


Table 3. Wavelengths (lmax, nm) of the absorption maxima
(abs), excitation fluorescence (ex), and fluorescence (flu) of
the ring-opened forms B of spiropyrans IVf,g in ethanol
solutions at 203K


Compounds IVf IVg


lmax (abs) 541 588
lmax (ex) 522 585
lmax (flu) 584 603
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In ethanol solutions at T¼ 203 K, the merocyanine
forms B of spiropyrans IVf and IVg exhibit fluorescence
with maxima at 584 and 603 nm, respectively (Table 3).
The fluorescence excitation spectra conform to the
absorption spectra (Table 2). The fluorescent maxima
of IVf are blue shifted relative to those of IVg that may be
explained by the effect of an electron withdrawing
substituent on the thiophene ring of spiropyran IVg.

CONCLUSION


In conclusion, we have developed a convenient synthetic
route to the synthesis of spiro compounds of thienopyrro-
line series. A large set of new spiropyrans and
spirooxazines, have been reported and their photochromic
properties were studied.

EXPERIMENTAL


General methods


1H and 13C NMR spectra were performed on Bruker
WM-250 or AC-200 spectrometers. Mass spectra were
obtained on a Kratos mass spectrometer (70 eV) with
direct sample injection into the ion source. Melting points
were measured on a Boetius hot stage and were not
corrected. Column chromatography was performed using
silica gel 60 (70–230 mesh). TLC analysis was conducted
on silica gel 60 F254 plates. Commercially available

Copyright # 2007 John Wiley & Sons, Ltd.

(Acros, Merck) reagents (2-hydroxysalicylic aldehyde,
2-hydroxy-1-nitrozonaphthol, phenanthrene-9,10-dione,
trifluoromethanesulfonic anhydride, piperidine) and sol-
vents (acetonitrile, light petroleum ether (45–708C),
ethanol, ethyl acetate) were used. Chromatography
products were purchased from Merck. Thienopyrrole-
nines III were synthesized as described elsewhwere.6,12

Spectroscopic studies


Absorption spectra were recorded with Agilent 8453
diode array spectrophotometer. Irradiation light was
brought into the temperature-controlled cell compartment
at 908 from a 250 W high-pressure mercury lamp
equipped with glass filters for allocation of mercury
lines. The solutions were stirred with a magnetic bar
driven by a speed controlled motor. Low temperature
absorption spectra were recorded using a home-made
quartz cryostat with working temperature range of
77–293 K. Luminescence emission and excitation spectra
were recorded with a Varian Cary Eclipse spectro-
fluorimeter. The solvents were ethanol and toluene of the
spectroscopic grade (Acros Organics).

Synthesis of spiropyrans and spirooxazines


Methyl- or octadecyltryflate (1.1 mmol) was added to the
solution of thienopyrrolenine III (1.0 mmol) in aceto-
nitrile (5 ml). The reaction mixture was refluxed for 1.5 h.
After cooling the solvent was removed in vacuo. Ethanol
(5 ml), 2-hydroxysalicylic aldehyde, 2-hydroxy-1-nitro-
zonaphthol or phenanthrene-9,10-dione oxime (1.0 mmol),
and piperidine (0.1 ml, 1.0 mmol) were added to the
residue and the reaction mixture was refluxed until
starting materials disappeared (TLC control, eluent light
petroleum/ethyl acetate 5:1). The solvent was removed
and the residue was purified by column chromatography
(eluent light petroleum/ethyl acetate 5:1 or 12:1) or
recrystallization.

1,3,3-Trimethylspiro[2,3-dihydro-1H-
[1]benzothieno[3,2-b]pyrrol-2,3(-
3H-benzo[f]chromen] (IVa)


Yield 68%, m.p. 243–2458C. 1H NMR (250 MHz, CDCl3)
d 1.32 (s, 3H, ½CMe2), 1.40 (s, 3H, ½CMe2), 3.07 (s, 3H,
NMe), 5.90 (d, J¼ 10.5 Hz, 1H, CH), 7.08 (d, J¼ 9.2 Hz,
1H, Harom), 7.20–7.40 (m, 3H, Harom), 7.53 (t, J¼ 7.2,
7.9 Hz, 1H, Harom), 7.62 (d, J¼ 10.5 Hz, 1H, CH), 7.67 (d,
J¼ 9.2 Hz, 1H, Harom), 7.72–7.87 (m, 3H, Harom), 8.06 (d,
J¼ 8.5 Hz, 1H, Harom). MS: m/z (%)¼ 383 (100) [M]þ,
368 (85) [M�Me]þ, 215 (41). Elemental analysis: Calcd.
for C25H21NOS: C, 78.30; H, 5.52; N, 3.65. Found: C,
77.68; H, 5.37; N, 3.79%.
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1,3,3-Trimetyl-6(-nitrospiro[2,3-dihydro-
1H-[1]benzothieno[3,2-b]pyrrole-2,2(-
2H-chromen] (IVb)


Yield 47%, m.p. 184–1868C. 1H NMR (250 MHz, CDCl3)
d 1.28 (s, 3H, ½CMe2), 1.35 (s, 3H, ½CMe2), 3.06 (s, 3H,
NMe), 5.95 (d, J¼ 10.5 Hz, 1H, CH), 6.86 (d, J¼ 8.5 Hz,
1H, Harom), 6.93 (d, J¼ 10.5 Hz, 1H, CH), 7.21–7.37 (m,
2H, Harom), 7.76–7.85 (m, 2H, Harom), 8.01–8.11 (m,
2H, Harom). MS: m/z (%)¼ 378 (88) [M]þ, 363 (100)
[M�Me]þ. Elemental analysis: Calcd. for C21H18N2O3S:
C, 66.65; H, 4.79; N, 7.40. Found: C, 66.45; H, 4.84; N,
7.34%.

1,3,3-Trimethyl-7-nitrospiro[2,3-dihydro-
1H-[1]benzothieno[3,2-b]pyrrole-2,3(-
3H-benzo[f]chromen] (IVc)


Yield 53%, m.p. 204–2058C. 1H NMR (250 MHz, CDCl3)
d 1.34 (s, 3H, ½CMe2), 1.42 (s, 3H, ½CMe2), 3.12 (s, 3H,
NMe), 5.89 (d, J¼ 10.5 Hz, 1H, CH), 7.06 (d, J¼ 9.2 Hz,
1H, Harom), 7.37 (t, J¼ 7.2, 7.9 Hz, 1H, Harom), 7.55 (t,
J¼ 7.2, 7.9 Hz, 1H, Harom), 7.61–7.72 (m, 2H, Harom),
7.76 (d, J¼ 8.5 Hz, 1H, Harom), 7.87 (d, J¼ 9.2 Hz,
1H, Harom), 8.03–8.13 (m, 2H, Harom), 8.70 (d, J¼ 2.0 Hz,
1H, Harom). MS: m/z (%)¼ 428 (100) [M]þ, 413 (99)
[M�Me]þ, 398 (99) [M�2Me]þ, 383 (78) [M�3Me]þ.
Elemental analysis: Calcd. for C25H20N2O3S: C, 70.07;
H, 4.70; N, 6.54. Found: C, 70.12; H, 4.81; N, 6.69%.

3,3-Dimethyl-6(-nitro-1-octadecylspiro
[2,3-dihydro-1H-[1]benzothieno[3,2-
b]pyrrole-2,2(-2H-chromen] (IVd)


Yield 29%, m.p. 61–638C. 1H NMR (250 MHz, CDCl3) d
0.89 (t, J¼ 6.6 Hz, 3H, Me), 1.20–1.31 (m, 33H,
½CMe2þ (CH2)15), 1.34 (s, 3H, ½CMe2), 1.69–1.83
(m, 2H, CH2), 3.23–3.59 (m, 2H, NCH2), 5.95 (d,
J¼ 10.5 Hz, 1H, CH), 6.83 (d, J¼ 8.5 Hz, 1H, Harom),
6.90 (d, J¼ 10.5 Hz, 1H, CH), 7.20–7.40 (m, 2H, Harom),
7.69 (d, J¼ 7.8 Hz, 1H, Harom), 7.80 (d, J¼ 7.8 Hz,
1H, Harom), 8.00–8.10 (m, 2H, Harom). MS: m/z (%)¼ 616
(18) [M]þ, 600 (20) [M�Me]þ, 570 (52) [M�NO2]þ, 364
(100) [M�C18H36]þ. Elemental analysis: Calcd.
for C38H52N2O3S: C, 73.98; H, 8.50; N, 4.54. Found:
C, 73.44; H, 8.80; N, 4.45%.

4(-Ethyl-2(,6(,6(-trimethylspiro
[2H-1-benzopyran-2,5(-2,3-dihydrothieno
[3,2-b]pyrrol] (IVe)


Yield 40%, m.p. 72–748C. 1H NMR (250 MHz, CDCl3) d
1.19 (t, J¼ 7.2 Hz, 3H, CH3CH2), 1.19 (s, 3H, ½CMe2),
1.28 (s, 3H, ½CMe2), 2.49 (s, 3H, Me), 3.10 (dq, J¼ 7.2,

Copyright # 2007 John Wiley & Sons, Ltd.

12.5 Hz, CH2CH3), 5.71 (d, J¼ 10.5 Hz, 1H, CH), 6.35 (s,
1H, Hthioph), 6.75 (d, J¼ 10.5 Hz, 1H, CH), 6.87–7.17 (m,
4H, Harom). MS, m/z (%): 311 (32) [M]þ, 296 (9)
[M�Me]þ, 282 (100) [M�Et]þ, 210 (15), 138 (30).
Elemental analysis: Calcd. for C25H25NO2S: C, 74.41; H,
6.24; S, 7.95. Found: C, 74.32; H, 6.13; S, 7.77%.

4(-Ethyl-2(,6(,6(-trimethyl-6-nitrospiro
[2H-1-benzopyran-2,5(-2,3-dihydrothieno
[3,2-b]pyrrol] (IVf)


Yield 25%, m.p. 110–1128C. 1H NMR (250 MHz, CDCl3)
d 1.18 (t, J¼ 7.2 Hz, 3H, CH3CH2), 1.19 (s, 3H, ½CMe2),
1.24 (s, 3H, ½CMe2), 2.49 (s, 3H, Me), 3.08 (dq, J¼ 7.2,
12.5 Hz, CH2CH3), 5.87 (d, J¼ 10.5 Hz, 1H, CH), 6.34 (s,
1H, Hthioph), 6.82 (d, J¼ 10.5 Hz, 1H, CH), 6.87 (d,
J¼ 8.5 Hz, 1H, Harom), 8.06 (s, 1H, Harom), 8.04 (d,
J¼ 8.5 Hz, 1H, Harom). MS, m/z (%): 356 (12) [M]þ, 341
(4) [M�Me]þ, 328 (28), 57 (100). Elemental analysis:
Calcd. for C19H20N2O3S: N, 7.87. Found: N, 7.33%.

2(,4(,6(,6(-Tetramethyl-3(-carbmethoxyspiro
[2H-naphtho[2,1-b][1,4]pyran-2,5(-
2,3-dihydrothieno[3,2-b]pyrrol] (IVg)


Yield 79%, m.p. 126–1288C. 1H NMR (250 MHz, CDCl3)
d 1.25 (s, 3H, ½CMe2), 1.30 (s, 3H, ½CMe2), 2.63 (s, 3H,
Me), 2.83 (s, 3H, NMe), 3.86 (s, 3H, COOMe), 5.85 (d,
J¼ 10.3 Hz, 1H, CH), 7.08 (d, J¼ 8.8 Hz, 1H, Harom),
7.31–7.77 (m, 4H, Harom), 7.56 (d, J¼ 10.3 Hz, 1H, CH),
8.03 (d, J¼ 8.8 Hz, 1H, Harom). MS, m/z (%): 405 (100)
[M]þ, 390 (25) [M�Me]þ, 358 (58), 340 (31), 237 (78),
222 (24). Elemental analysis: Calcd for C24H23NO3S: C,
71.09; H, 5.79; N, 3.45. Found: C, 71.02; H, 6.01; N,
3.66%.

1,3,3-Trimethylspiro[2,3-dihydro-1H-
[1]benzothieno[3,2-b]pyrrole-2,3(-
[3H]-naphtho[2,1-b][1,4]oxazine] (Va)


Yield 25%, m.p. 225–2278C.7

1,3,3-Trimethylspiro[2,3-dihydro-1H-
[1]benzothieno[3,2-b]pyrrole-2,2(-
[2H]-phenanthro[9,10-b][1,4]oxazine] (Vb)


Yield 46%, m.p. 212–2148C. 1H NMR (300 MHz, CDCl3)
d 1.47 (s, 3H, ½CMe2), 1.51 (s, 3H, ½CMe2), 3.12 (s, 3H,
NMe), 7.25–7.41 (m, 2H, Harom), 7.50–7.76 (m,
4H, Harom), 7.84 (d, J¼ 8.1 Hz, 2H, Harom), 7.93 (s,
1H, CH——N), 8.26 (d, J¼ 8.1 Hz, 1H, Harom), 8.64 (t,
J¼ 8.8 Hz, 2H, Harom), 8.74 (d, J¼ 8.1 Hz, 1H, Harom).
MS, m/z (%): 434 (15) [M]þ, 419 (22) [M�Me]þ, 215
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(100). Elemental analysis: Calcd. for C28H22N2OS: C,
77.39; H, 5.10; N, 6.45. Found: C, 77.29; H, 5.31; N,
6.43%.

2,4,6,6-Tetramethylspiro[2,3-dihydrothieno
[3,2-b]pyrrole-5,3(-[3H]naphtho[2,1-b]
[1,4]oxazine] (Vc)


Yield 18%, m.p. 138–1408C. 1H NMR (250 MHz, CDCl3)
d 1.35 (s, 3H, ½CMe2), 1.39 (s, 3H, ½CMe2), 2.50 (s, 3H,
Me), 2.71 (s, 3H, NMe), 6.31 (s, 1H, Hthioph), 7.15 (d,
J¼ 8.5 Hz, 1H, Harom), 7.37–7.82 (m, 4H, Harom), 7.77 (s,
1H, CH——N), 8.59 (d, J¼ 8.5 Hz, 1H, Harom). MS, m/z
(%): 348 (57) [M]þ, 333 (67) [M�Me]þ, 179 (76), 165
(31), 57 (100). Elemental analysis: Calcd.
for C21H20N2OS: C, 72.38; H, 5.79; N, 8.04. Found: C,
72.07; H, 5.96; N, 7.99%.

2,4,6,6-Tetramethyl-3-carbmethoxyspiro
[2,3-dihydrothieno[3,2-b]pyrrole-5,3(-
[3H]naphtho[2,1-b][1,4]oxazine] (Vd)


Yield 40%, m.p. 140–1428C. 1H NMR (250 MHz, CDCl3)
d 1.31 (s, 3H, ½CMe2), 1.37 (s, 3H, ½CMe2), 2.62 (s, 3H,
Me), 2.85 (s, 3H, NMe), 3.87 (s, 3H, COOMe), 7.09 (d,
J¼ 8.5 Hz, 1H, Harom), 7.35–7.75 (m, 4H, Harom), 7.77 (s,
1H, CH——N), 8.56 (d, J¼ 8.5 Hz, 1H, Harom). MS, m/z

Copyright # 2007 John Wiley & Sons, Ltd.

(%): 406 (22) [M]þ, 391 (38) [M�Me]þ, 237 (100).
Elemental analysis: Calcd. for C23H22N2O3S: C, 67.96;
H, 5.46; N, 6.89. Found: C, 68.05; H, 5.58; N, 7.09%.
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hromic 4,5- and 6,7-dihydroindoles possessing a hexafluoropropano-
bridge, a spiro-adamantane moiety and a phenyl group were synthesized and their photochemical forward as well as
thermal back reactions were investigated. While the open coloured form of 4,5-dihydroindole had an absorption
maximum at 417 nm in toluene, that of 6,7-dihydroindole at 553 nm. Although the thermal back reaction of the former
took about 2 h at r.t., that of the latter completed within a few minutes. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Photochromic compounds1 are divided into two
categories. One is thermally irreversible, the other
thermally reversible. While the former includes only
limited families such as fulgides2 and diarylethenes,3 the
latter includes a number of classes such as spiropyrans4


and spirooxazines,4 naphthopyrans (chromens),5 azoben-
zenes,6 hexaarylbisimidazoles,7 stilbenes8 and so on.
Although some of the latter – spirooxazines and naph-
thopyrans – have already been used for the auto
light-regulating ophthalmic lenses,5 the number of
photochromic families used for practical applications is
so small.


In the previous papers, we introduced new therm-
ally reversible photochromic dihydrobenzothiophenes
(DHBTs)9,10 (1 and 2) and dihydronaphthalenes
(DHNPs)10 (3–6) with a hexafluoropropano-bridge, a
spiro-adamantane group and a phenyl group (Scheme 1).
They showed thermally reversible photochromism based
on 6p-electrocyclization (Scheme 2). However, the
decolouration rate was so slow for 1 and 2, and so fast
for 3–6 that the way of application of them would be
restricted. In this paper, the synthesis and photochromic
reactions of dihydroindoles (DHINs; 7 and 8) are
described. Both of them showed thermally reversible
photochromic reactions, and the colouration of one of the
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isomers 7 was strong and fast and the decolouration was
reasonably quick.

RESULTS AND DISCUSSION


Molecular design


In the previous papers, we described the synthesis of
dihydroaromatic molecules which show photochromic
reactions. They can be produced as the open form
(O-form) possessing a 2,2,3,3,4,4-hexafluorocyclopen-
tene with an aromatic ring on its C-1 and the 1-
adamantylidene-1-phenylmethyl group on C-2. Upon
UV-light irradiation, it cyclizes to form the closed form
(C-form) by the 6p-electrocyclization, which, in order
to restore the aromaticity, changes to the rearranged
form (R-form) by the thermal 1,5-sigmatropic hydrogen
rearrangement. The thermally reversible photochromism
occurs between the R-form and the coloured quinodi-
methane form (Q-form). Irradiation of UV light to the
colourless R-form generates the coloured Q-form. The
Q-form goes back to the R-form thermally as well as by
visible-light irradiation. When the quantum yield of the
colouring reaction is large and back reaction is small, and
the thermal back reaction is quick, the compound would
show a strong colour under the sunlight which contains
both UV and visible lights, but it becomes colourless
quickly when the light is shaded.


We have already reported the synthesis of DHBTs 1
and 2 and DHNPs 3–6. The approximate time required for
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Scheme 1. Photochromism of dihydroaromatic compounds


Table 1. Decolouration time (Q-form to R-form) at r.t.


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


Decolouration time 2.5 h >6 h <1 s <1 s <1 s <1 s


a In toluene solution.
b In amorphous polyolefin film.
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the Q-forms to change to the R-forms is listed in Table 1.
DHBTs take hours, while DHNPs take less than a second
at room temperature.


When the R-forms of DHBTs and DHNPs become their
Q-forms, the thiophene or benzene rings open to generate
quinodimethane-type structures. In this occasion, they
loose the aromaticity. It is easily assumed that when the
aromatic stabilization energy (ASE) of the R-form is
larger, the corresponding Q-form is more unstable. It
would make the activation energy of the thermal back
reaction smaller, and the decolouration takes place faster.

Scheme 2. Photochromism of dihydrobenzothiophene


Copyright # 2007 John Wiley & Sons, Ltd.

Katritzky et al.11 reported the calculation-based ASE
of heteroaromatic compounds. Some of their data are
shown in Table 2.


There is a strong relationship that when the ASE is
smaller (thiophene: DHBT), the thermal back reaction
proceeds at a slow rate, and the ASE is larger (benzene:
DHNP), the thermal back reaction occurs instantaneously.
In order to obtain a thermally reversible photochromic
compound whose colour disappears within several
minutes or so while it exhibits certain coloration, we
have to look for an aromatic ring whose ASE is in
between them. We found that the ASE of pyrrole is
106.6 kJmol�1 which is ideal for our purpose. Thus, we
decided to synthesize DHINs 7 and 8.

Synthesis of 7 and 8


Synthetic pathways of 7 and 8 are shown in Scheme 3.
Regioselective bromination reactions of 1-methylpyr-


role (9) to form 3-bromo-1-methylpyrrole (10) and 2-
bromo-1-methylpyrrole (11) were carried out according
to the reported procedures by NBS in tetrahydrofuran
(THF) and by NBS with a catalytic amount of PBr3 in
THF, respectively.12 Lithiation of bromopyrroles 10 and
11 with butyllithium followed by the reaction with 1-
(1-adamantyliene-1-phenylmethyl)-2,3,3,4,4,5,5-heptafl-
uorocyclopentene9 afforded 7O and 8O in 12% and 11%
yield, respectively. Irradiation of 7Owith 313-nm light in
cyclohexane or toluene gave, after 6p-electrocycliza-
tion followed by hydrogen rearrangement, 7R in 11%.
Similarly, irradiation of 8O with 313-nm light in toluene
gave 8R in 57% yield.

Photocolouration and thermal decolouration
of 7R and 8R


For the compounds 1R–6R, the colourless R-form
generates the coloured Q-form by UV irradiation, which
goes back to the R-form thermally. We envisioned the
similar reactions. Upon irradiation of 366-nm light at
24 8C, the toluene solution of 7R changed from colourless
to purple. The absorption maximum was 553 nm.
Apparently the coloured 7Q was formed. When the
coloured solution was left in the dark, the purple colour
disappeared completely within 5min. The spectral
changes during UV irradiation and thermal decolouration
of 7 are shown in Figs 1 and 2, respectively.
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Scheme 3. Synthesis of dihydroindoles


Table 2. Aromatic stabilization energy11


Thiophene Benzene Pyrrole
Aromatic stabilization energy/kJmol�1 93.6 111.6 106.6
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Similarly, the toluene solution of 8R was irradiated
with 313-nm light at 26.2 8C. The solution turned from
almost colourless to yellow, and the absorption maximum
of the new band ascribable to the formation of 8Q was
417 nm. Different from 7Q, the decolouration of 8Q took
much longer time. The change in absorption spectra of
coloration and decolouration of 8 are shown in Figs 3
and 4, respectively.

Figure 1. Change in absorption spectra of 7R in toluene at
24 8C (2.02�10�4mol dm�3). Irradiation time/s; 0, 10, 20,
40, 60, 100, 200. Light intensity; 0.94mWcm�2 (366 nm).
Cell length; 1 cm


Copyright # 2007 John Wiley & Sons, Ltd.

Although the absorption spectrum of 7 (7R) before UV
irradiation in Fig. 1 was identical with that after the
complete thermal back reaction from 7Q in Fig. 2 that of 8
after the thermal back reaction in Fig. 4 was not identical
with the spectrum before UV irradiation (Fig. 3). One of
the reasons should be the difference of the wavelength of
the irradiation energy. While the irradiation on 7R was
carried out with 366-nm light of mercury lamp, 313-nm

Figure 2. Change in absorption spectra of 7Q in toluene at
24 8C (2.02�10�4mol dm�3). Elapsed time/s; 0, 10, 20, 40,
60, 120, 300. Cell length; 1 cm
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Figure 3. Change in absorption spectrum of 8R in toluene
at 26 8C (1.00�10�4mol dm�3). Irradiation time/s; 0, 20,
60, 120, 240, 300, 420, 600, 960. Light intensity;
0.68mWcm�2 (313 nm). Cell length; 1 cm


854 N. EGUCHI, T. UBUKATA AND Y. YOKOYAMA

light was used for 8R because 8R does not have a large
absorption at 366 nm. The use of 313-nm light might have
caused degradation of 8 to some extent to generate some
slightly coloured species.


In the case of DHBTs 1 and 2, the decolouration from
2Q to 2R (4,5-dihydrobenzothiophene)10 was slower than
that from 1Q to 1R (6,7-dihydrobenzothiophene).9 The
similar phenomenon occurred for 7 and 8. Namely,
8Q–8R (4,5-dihydroindole) was slower than 7Q–7R
(6,7-dihydroindole).


We then obtained the reaction rate constants of thermal
reactions of 7Q and 8Q at different temperatures. The
reaction kinetics was expressed by the sum of two
first-order reactions; a fast but less dominant (28–6%) one
and a slow and dominant (94–72%) one. The Arrhenius
activation energies (Ea) and frequency factors (A) of the
slower thermal decolouration reactions were then
calculated. The results are listed in Table 3, together
with the data of 1Q and 2Q. The data show that the
largeness of reaction rate constants of 7Q is basically
attributed to the small Ea. However, although Ea of 8Q is
smaller than that of 7Q, it is compensated by its much
smaller frequency factor.

Figure 4. Change in absorption spectra of 8Q in toluene at
26 8C (1.00� 10�4mol dm�3). Elapsed time/s; 0, 60, 180,
300, 480, 600, 1200, 2400, 4800. Cell length; 1 cm


Copyright # 2007 John Wiley & Sons, Ltd.

The structures of the Q-forms generated from 7R and
8R, which exhibit different decolouration rates, may be
the E/Z isomers of the benzylidene moiety attached to the
hexafluorocyclopentane ring of the Q-form. During the
photochemical ring opening of the R-form, the cyclohex-
adiene ring opens by way of the conrotatory mode, which
can give the geometrical isomers of the double bond.
However, it is not certain which isomer corresponds to the
faster-reacting one and the slower-reacting one.


The absorption maxima of the Q-forms of 4,5-dihydro
derivatives are shorter than that of 6,7-dihydro deriva-
tives. It is attributed to the longer conjugation of
6,7-dihydro derivatives as shown in Scheme 4. It is
reasonable that the absorption maximum of 7Q is longer
than that of 1Q because of the stronger electron donating
ability of the nitrogen atom than the sulphur atom.
However, it is interesting that the absorption maximum of
8Q is shorter than 2Q. It may be attributed to the steric
congestion caused by the methyl group on nitrogen atom
and the perfluorocyclopentene ring which would have
generated the torsion, that is, deviation from the planarity,
of the conjugation system.


In conclusion, we have synthesized new thermally
reversible photochromic 6,7- and 4,5-dihydroindoles (7R
and 8R, respectively) possessing a hexafluoropropano-
bridge, a spiro-adamantane moiety and a phenyl group.
While the coloured Q-form of 8R had an absorption
maximum at 417 nm in toluene, that of 7R at 553 nm. The
difference in the absorption maxima was explained by the
difference in the length of conjugation and the steric
congestion around the conjugation system. Although the
thermal back reaction of 8Q took more than 1 h at r.t. that
of 7Q completed within a few minutes.

EXPERIMENTAL


General


1H NMR spectra were recorded with JEOL JNM-EX-270
(270MHz) spectrometer and JNM-AL-400 (400MHz)
spectrometer in CDCl3. The signals are expressed as parts
per million down field from tetramethylsilane, used as an
internal standard (d value). Splitting patterns are indicated
as s, singlet; d, doublet; t, triplet; m, multiplet. IR spectra
were measured using a HORIBA FT-730 spectrometer.
Low- and high-resolution mass spectra were taken with a
JEOL JMS-AX-600 mass spectrometer. UV–Vis spectra
were recorded on a JASCO V-550UV–Vis spectrometer
or a ShimadzuMultispec-1500UV–Vis spectrometer. The
emission line of 313 nm of a 500W high-pressure
mercury lamp (Ushio electric) was separated by filters
(5 cm water filter, a UV-D35 glass filter, 5 cm aqueous
NiSO4�6H2O solution, 1 cm aqueous K2CrO4–NaOH
solution and 1 cm aqueous potassium hydrogenphthalate
solution). The emission line of 366 nm of a 500W
high-pressure mercury lamp (Ushio electric) was sepa-
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Table 3. Absorption maximum and kinetic data of decolouration of Q-forms in toluene


lmax (nm) T (K) k (s�1) Ea (kJmol�1) A (s�1)


290 1.33� 10�4


1Q 500 299 4.73� 10�4 84.0 1.96� 1011


310 1.23� 10�4


302 9.68� 10�5


2Q 468 306 1.85� 10�4 106.3 2.50� 1014


315 6.05� 10�4


289 2.61� 10�2 4.18� 10�3


7Q 537 298 1.07� 10�1 1.17� 10�2 79.5b 9.93� 1011 b


308 6.51� 10�1 3.38� 10�2


289 7.49� 10�4 9.86� 10�5


294 1.39� 10�3 1.66� 10�4


8Q 417 298 3.23� 10�3 3.18� 10�4 73.1b 2.40� 109 b


308 —a 5.72� 10�4


309 9.27� 10�3 7.91� 10�4


a Not observed.
b Values for the slower reactions.
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rated by filters (5 cm water filter, 5 cm aqueous CuSO4


solution, a UV-35 glass filter and a UV-D35 glass filter).
The silica-gel column chromatographic separation was
carried out with a Merck Kieselgel 60 (230–400 mesh)
with ethyl acetate and hexane as an eluant. The alumina
column chromatographic separation was carried out with
a Merck Aluminium oxide 90 active basic (70–230 mesh)
with ethyl acetate and hexane as an eluant. Analytical
thin-layer chromatography was performed on Merck
pre-coated silica gel 60 F-254, 0.25mm thick TLC plates.
All of the synthetic reactions were carried out under a dry
nitrogen atmosphere. THF was freshly distilled from
benzophenone ketyl.


Synthesis of 1-(adamantylidene-
1-phenylmehyl)-3,3,4,4,5,5,-hexafluoro-2-
(1-methyl-3-pyrryl)cyclopentene (7O)


To a solution of 3-bromo-1-methylpyrrole (10,12 213mg,
1.33mmol, 5.3 eq.) in 10ml THF at �60 8C was added
TMEDA (0.25ml, 1.68mmol, 6.7 eq.) and a hexane
solution of butyllithium (1.52mol dm�3, 1.1ml,
1.67mmol, 6.7 eq.), and the mixture was stirred for
90min at that temperature. This mixture was added
dropwise to a THF (4.0ml) solution of 12 (104mg,
0.250mmol, 1 eq.) at �60 8C, and the resulting mixture
was kept stirring over night. After the reaction was
quenched with water, the mixture was extracted with
ethyl acetate three times. The organic layer was washed

Scheme 4. Conjugation in Q-forms.


Copyright # 2007 John Wiley & Sons, Ltd.

with saturated brine, and dried with anhydrous sodium
sulphate. After the drying agent was filtered off, the
solvent was removed in vacuo. The residue was purified
by silica-gel column chromatography to give 7O
(78.9mg, 12%). Mp 145–147 8C. IR (KBr) n cm�1:
3133, 3081, 2948, 2929, 2914, 2853, 1635, 1610, 1450,
1427, 1366, 1337, 1303, 1277. 1H NMR (270MHz,
CDCl3) 1.5–2.2 (12H, m), 2.59 (1H, s), 3.09 (1H, s), 3.69
(3H, s), 6.62 (1H, dd, J/Hz¼ 2.6, 2.0), 6.81 (1H, dd, J/
Hz¼ 2.6, 2.0), 7.2–7.3 (6H, m). MS (EI, 70 eV) m/z 477
(Mþ, 100), 356 (11). Found: m/z 477.18735. Calcd
for C27H25F6N: M, 477.18910

Synthesis of
1-(adamantylidene-1-phenylmehyl)-
3,3,4,4,5,5,-hexafluoro-
2-(1-mehyl-2-pyrryl)cyclopentene (8O)


To a solution of 2-bromo-1-methylpyrrole (11,12 696mg,
4.35mmol, 4.6 eq.) in 50ml THF at �73 8C was added a
hexane solution of butyllithium (1.60mol dm�3, 3.3ml,
5.3mmol, 5.6 eq.), and the mixture was stirred for 60min
at that temperature. This mixture was added dropwise to a
THF (6.4ml) solution of 12 (395mg, 0.949mmol, 1 eq.)
at�73 8C, and the resulting mixturewas kept stirring over
night. After the reaction was quenched with water, the
mixture was extracted with ethyl acetate three times. The
organic layer was washed with saturated brine, and dried
with anhydrous sodium sulphate. After the drying agent
was filtered off, the solvent was removed in vacuo. The
residue was purified by silica-gel column chromatog-
raphy to give 8O (234mg, 11%). Mp 107–110 8C. IR
(KBr) n cm�1: 3084, 3024, 2938, 2883, 2854, 1612, 1599,
1374, 1281. 1H NMR (400MHz, CDCl3) d 1.7–2.0 (12H,
m), 2.63 (2H, br s), 3.25 (3H, s), 6.14 (1H, dd, J/Hz¼ 3.3,
2.6), 6.35 (1H, dd, J/Hz¼ 3.3, 2.0), 6.67 (1H, dd, J/
Hz¼ 2.6, 2.0), 6.96 (2H, m), 7.2 (3H, m). MS (EI, 70 eV)
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m/z 477 (Mþ, 100), 223 (54). Found: m/z 477.18777.
Calcd for C27H25F6N: M, 477.18910.

Synthesis of 4(,5(-Hexafluoropropano-
1-methyl-6(-phenylspiro[adamantine-
2,7((6(H)-indole] (7R)


A solution of 7O (30.7mg, 0.064mmol) in cyclohexane
(ca 80ml) was irradiated with 313-nm light for 21 h.
Similarly, a solution of 7O (51.2mg, 0.107mmol) in
toluene (ca 80ml) was irradiated with 313-nm light for
25 h. Each solution was kept in the dark for 1 day, and the
solvent was removed in vacuo. The residue was combined
and purified by aluminium oxide column chromatog-
raphy, to give 7R (8.74mg, 11%). Mp 190–194 8C. IR
(KBr) n cm�1: 3001, 2946, 2926, 2912, 2856, 1452, 1394,
1358, 1316, 1249. 1H NMR (270MHz, CDCl3) d 1.3–2.5
(13H, m), 2.54 (1H, d, J/Hz¼ 13.2), 3.45 (3H, s), 4.44
(1H, d, J/Hz¼ 4 .0 (H–F coupling)), 6.40 (1H, dd, J/
Hz¼ 3.3, 1.3 (H—F coupling)), 6.57 (1H, d, J/Hz¼ 3.3),
6.64 (2H, d, J/Hz¼ 7.3), 7.12 (2H, t, J/Hz¼ 7.3), 7.19
(1H, t, J/Hz¼ 7.3). MS (EI, 70 eV) m/z 477 (Mþ, 100),
386 (66), 330 (22). Found: m/z 477.19061. Calcd
for C27H25F6N: M, 477.18910.


Synthesis of 6(,7(-Hexafluoropropano-1-
methyl-5(-phenylspiro[adamantane-2,4(
(5(H)-indole] (8R)


A solution of 8O (20.7mg, 0.0434mmol) in toluene (ca
80ml) was irradiated with 313-nm light for 4.5 h. The
resulting solution was kept in the dark for 1 day, and the
solvent was removed in vacuo. The residue was purified
by aluminium oxide column chromatography to give 8R
(11.8mg, 57%). Mp 124–128 8C. IR (KBr) n cm�1: 3089,
3067, 3028, 2941, 2894, 2853, 1450, 1419, 1369, 1345,
1298. 1H NMR (400MHz, CDCl3) d 1.4–1.7 (9H, m),
1.73 (1H, s), 2.06 (2H, b s), 2.18 (2H, d, J/Hz¼ 7.3), 3.44
(3H, s), 6.13 (1H, d, J/Hz¼ 2.9), 6.71 (1H, d, J/Hz¼ 2.9),
6.71 (2H, d, J/Hz¼ 7.3), 7.09 (1H, d, J/Hz¼ 2.4 (H—F

Copyright # 2007 John Wiley & Sons, Ltd.

coupling)), 7.11 (2H, t, J/Hz¼ 7.3), 7.20 (1H, t, J/
Hz¼ 7.3). MS (EI, 70 eV) m/z 477 (Mþ, 6), 476 (30), 475
(100), 352 (37). Found: m/z 477.19080. Calcd
for C27H25F6N: M, 477.18910.
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1. (a) Dürr H, Bouas-Laurent H (eds). Photochromism – Molecules
and Systems, Revised edition. Elsevier Science B.V: Amsterdam,
2003; (b) Crano JC, Guglielmetti RJ (eds). Organic Photochromic
and Thermochromic Compounds, Vols 1 and 2. Plenum Press: New
York, 1999.


2. Yokoyama Y. Chem. Rev. 2000; 100: 1717–1739.
3. Irie M. Chem. Rev. 2000; 100: 1685–1716.
4. (a) Berkovic G, Krongauz V, Weiss V. Chem. Rev. 2000; 100:


1741–1753; (b) Bertelson RC. ‘‘Spiropyrans’’ in Ref. 1(b); Vol. 1:
Chapter 1, pp. 11–83; (c) Maeda S. ‘‘Spirooxazines’’ in Ref. 1(b);
Vol. 1: Chapter 2, pp. 85–109.


5. Van Gemert B. ‘‘Benzo and Naphthopyrans (Chromenes)’’, in Ref.
1(b); Vol. 1: Chapter 3, pp. 111–140.


6. Rau H. ‘‘Azo Compounds’’, in Ref. 1(a); Chapter 4, pp. 165–
192.


7. (a) Hayashi T, Maeda K. Bull. Chem. Soc. Jpn. 1960; 33: 565–
566; (b) Kikuchi A, Iwahori F, Abe J. J. Am. Chem. Soc. 2004; 126:
6526–6527.


8. Saltiel J, Sun YP. ‘‘Photochromism based on ‘‘E-Z’’ Isomerization
of Double Bonds’’, in Ref. 1(a); Chapter 3, pp. 64–164.


9. Yokoyama Y, Nagashima H, Shrestha SM, Yokoyama Y, Takada K.
Bull. Chem. Soc. Jpn. 2003; 76: 355–361.


10. Yokoyama Y, Nagashima H, Takeda K, Moriguchi T, Shrestha SM,
Yokoyama Y. Mol. Cryst. Liq. Cryst. 2005; 430: 53–58.


11. Katritzky AR, Karelson M, Sild S, Krygowski TM, Jug K. J. Org.
Chem. 1998; 63: 5228–5231.


12. Dvornikova E, Kamienska-Tera K. Synlett 2002; 1152–1154.

J. Phys. Org. Chem. 2007; 20: 851–856


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 857–863
Published online 29 April 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1183

Rational design of a new class of diffusion-inhibited
HABI with fast back-reaction

Fumiyasu Iwahori, Sayaka Hatano and Jiro Abe*


Department of Chemistry, and The 21st Century COE Program, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, Kanagawa
229-8558, Japan


Received 26 December 2006; revised 5 March 2007; accepted 12 March 2007

*Correspondence
Gakuin Univers
229-8558, Japan.
E-mail: jiro_abe@


Copyright # 20

ABSTRACT: The fast reversible photochromic molecule was synthesized with the aid of triphenylimidazolyl radicals
(TPI


.
) and naphthalene linker. The crystal structure, photochemical properties, and kinetics of the target compound


(1,8-TPID-naphthalene) were investigated. 1,8-TPID-naphthalene photochemically cleaved into 1,8-bisTPI
.
-


naphthalene and the color of the solution changed from colorless to green. ESR spectroscopy detected the light-
induced triplet radical pair in frozen matrix. After the UV irradiation is ceased, the back-reaction of
1,8-bisTPI


.
-naphthalene occurred by thermal conversion in the dark. The kinetic study on the back-reaction revealed


that the reaction obeys the first-order kinetics with 2.04 s of half-life time at 295K. The activation energy and
frequency factor of the back-reaction were determined as 42.0 kJ/mol and 9.25� 106 s�1, respectively. Copyright #
2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; Hexaarylbiimidazole (HABI); radical cleavage; first-order kinetics; fast back-reaction;


diffusion-inhibited; photoresponsive material; triplet radical pair

INTRODUCTION


The development of a fast reversible photochromic
material is a major challenge for the photochemistry and
material science because of their potential applications
including smart windows, solar protection lenses and
decorative objects. The photochromism of hexaarylbii-
midazoles (HABIs) was discovered by Hayashi and
Maeda in 1960s.1 HABI derivatives can be prepared by
oxidation of the corresponding triphenylimidazole
(lophine) derivatives. HABIs readily cleave into a pair
of triphenylimidazolyl radicals (TPI.) both thermally and
photochemically, and TPI. will thermally recombine to
reproduce the dimer of TPI.s, which is abbreviated as
TPID in this manuscript. With respect to the molecular
structure, TPID is identical with HABI. There are a
number of spectroscopic studies on the photochemical
reaction of HABI and its derivatives.2 The typical
mechanism for the photochromism of HABIs consists
of two reactions as shown in Chart 1, namely light-
induced radical cleavage and thermal back-reactions.
At the earlier stage of the chemistry of HABIs, several
kinetic studies on the thermal back-reactions of
TPI.s have been reported. Although Willis and
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co-workers postulated a complex kinetic behavior
involving ionic and radical intermediates,3 Hayashi and
Maeda1h demonstrated that the kinetics of TPI. clearly
obeys the second-order rate law. Recently, we have
reported the acceleration of the back-reaction of
bistpy-HABI (bis(terpyridyl)hexaarylbiimidazole).4 The
formation of iron(II) complex of bistpy-HABI resulted in
the acceleration of the back-reaction even though the
detailed mechanism is still obscure. This back-reaction
also obeyed the second-order kinetics, and the recombi-
nation rate constant drastically increased from 48.4 L
mol�1 s�1 to 504.6 L mol�1 s�1 (at 302K) on the
coordination of iron(II). In this case, the lowering of the
activation energy barrier from 48.6 kJ/mol (free bistpy-
HABI) to 24.3 kJ/mol (metal-coordinated bistpy-HABI)
predominantly achieved the acceleration of the recombi-
nation rate.


In our previous reports, thermal behavior of the TPI.


derivative, tF-BDPI-2Y (1,4-bis-(4,5-diphenylimidazol-2-
ylidene)-2,3,5,6-tetrafluorocyclohexa-2,5-diene) have been
discussed (Chart 2).5 The dimerization reaction of tF-BDPI-
2Y was found in solution at 293K, while tF- BDPI-2Y was
crystallized at 200K because of the existence of the
activation energy barrier toward the recombination reac-
tion. On irradiation with UV light to the colorless
benzene solution of tF-BDPI-2YD at room temperature,
the dimer immediately cleaved into tF-BDPI-2Y and the
solution intensively colored. Here, an instantly reversible
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Chart 1. Photochromism of conventional HABI
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photochromicmolecule can be designed if one imagines the
one-photon reaction of tF-BDPI-2YD. The strategy for the
molecular design begins with the virtual one-photon
reaction depicted in Chart 2. The light-induced fluorinated
TPI. pair will immediately recombine because the radical
pair is restricted in their diffusion and the reaction centers
are held in close proximity even in solution. Hence, this
class of structure is assumed to be optimum for the
achievement of very fast back-reaction of HABIs. In the
restricted field such as a crystalline phase, it is known that
the back-reaction of TPI. pair instantly undergoes. For
example, the recombination reaction of chlorine-substituted
TPI. pair completes within several milliseconds in the
crystal at room temperature. We have directed toward, with
the assistance of naphthalene linker as a diffusion inhibition
unit, to fabricate a fast reversible photochromic molecule
with HABI (Scheme 1). In this paper, we would like to

Chart 2. Photochromism and virtual one-photon reaction of tF-


Copyright # 2007 John Wiley & Sons, Ltd.

introduce the strategy with the aim of accelerating the
back-reaction rate of HABIs based on the rational
molecular designing. The synthesis, crystal structure, and
photochemical properties will be described.

EXPERIMENTS


Synthesis


1,8-TPID-naphthalene was synthesized as shown in
Scheme 1. All reagents except benzyl (recrystallized from
ethanol) were used as commercially supplied. Although it is
commercially available, p-formylphenylboronic acid can be
synthesized from p-bromobenzaldehyde. Benzene, acetic
acid, and toluene were distilled prior to use.

4,5-diphenyl-2-(4(-
phenylboronicacid)imidazole (1)


p-formylphenylboronic acid (1.00 g, 6.67mmol), benzyl
(1.47 g, 6.99mmol), and ammonium acetate (25.7 g,
0.333mol) were gently refluxed in acetic acid (150ml) for
20 h then allowed to cool to room temperature. The white
slurry that precipitated by the neutralization by
aqueous NH3 was filtered off. The crude slurry was

BDPI-2Y


J. Phys. Org. Chem. 2007; 20: 857–863


DOI: 10.1002/poc







Scheme 1. Synthesis of 1,8-TPID-naphthalene
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dissolved in ethyl acetate and the solution was frequently
washed with brine then dried over Na2SO4. The solvent
was removed under reduced pressure and the residue was
treated by silica-gel column chromatography (CHCl3:
MeOH¼ 5:1). 4,5-diphenyl-2-(40-phenylboronic acid)i-
midazole was obtained as white powder (1.10 g; yield
48.7%). 1H NMR (500MHz, DMSO-d6): d (ppm) 7.17�
8.12 (m, 16H), 12.63 (s, 1H). Anal. Calcd for C21H17BN2


O2 � 2.5H2O � 0.25AcOEt: C, 64.88; H, 5.94; N, 6.88.
Found: C, 64.50; H, 5.09; N 7.07.


1,8-bisLophine-naphthalene


To a solution of 1,8-diiodonaphthalene (260mg,
0.684mmol)6 in benzene (27ml) and ethanol (27ml),
680mg (2.00mmol) of 1 and Pd(PPh3)4 (111mg,
96.1mmol) was added. Sodium carbonate (438mg,
4.13mmol) in water (18ml) was added, and the reaction
mixture was refluxed overnight with exclusion of the
light. After cooling to room temperature, the mixture was
poured into CHCl3 (150ml) and brine (150ml). The
organic layer was separated and the aqueous layer was
extracted three times with CHCl3. Combined organic
layer was washed with brine (�1) and water (�1) then
dried over Na2SO4. The solvent was removed in vacuo
and the residue was treated by silica-gel column
chromatography (CHCl3:AcOEt¼ 5:1). 1,8-bisLophine-
naphthalenewas obtained as pale yellow powder (420mg;
yield 85.7%). Recrystallization from hot AcOEt gave
colorless, block crystal of 1,8-bisLophine-naphthalene �
2AcOEt. 1H NMR (500MHz, DMSO-d6): d (ppm)
6.60� 7.65 (m, 34 H), 11.85 (s, 2 H). Anal. Calcd

Copyright # 2007 John Wiley & Sons, Ltd.

for C52H36N4 � 2(C4H8O2): C, 80.69; H, 5.87; N, 6.27.
Found: C, 80.10; H, 6.01; N 6.32.

1,8-TPID-naphthalene


All manipulations include recrystallization were carried
out with exclusion of the UV light. To the benzene
(9ml) solution of 1,8-bisLophine-naphthalene � 3AcOEt
(188mg, 0.192mmol), the solution of potassium ferri-
cyanide (1.9 g, 5.8mmol) and KOH (1.3 g, 23mmol)
in H2O (9ml) was added. The mixture was vigorously
stirred for 1.5 h, then the organic layer was separated and
exhaustively washed with deionized water. Though the
oxidation of 1,8-bisLophine-naphthalene gave the corre-
sponding 1,8-bisTPI.-naphthalene, the intramolecular
dimerization reaction of the TPI. moieties lead quickly
to the formation of 1,8-TPID-naphthalene. The solvent
was removed under reduced pressure to give a crude
product of 1,8-TPID-naphthalene. The purification was
carried out by silica-gel column chromatography
(CHCl3:AcOEt¼ 20:1). The solvent was removed and
the residue was washed with acetonitrile. 1,8-TPID-
naphthalene was isolated as slightly green-colored
powder (83.3mg; yield 60.9%). 1H NMR (500MHz,
DMSO-d6): d (ppm) 6.69� 8.14 (m). Anal. Calcd
for C52H34N4 � 0.4MeCN � 0.4H2O: C, 85.87; H, 4.91;
N, 8.35. Found: C, 85.89; H, 5.09; N 8.12. The slow
evaporation of dilute CH3CN solution of 1,8-TPID-
naphthalene under nitrogen stream gave transparent,
thin-plate single-crystal suitable for the X-ray crystal-
lographic analysis (crystal A in Table 1). The recrys-
tallization from hot CH3CN/benzene (8:1) mixture is also
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Table 1. Crystallographic parameters of 1,8-TPID-naphthalenes


Crystal A Crystal B


Crystal preparation Slow evap of CH3CN CH3CN:C6H6¼ 8:1
Formula C52H34N4 (C52H34N4)2 � 2C6H6 �CH3CN
Formula weight 714.83 1626.93
Temperature/K 90 90
Crystal system Triclinic Triclinic
Space group P1 P1
Crystal dimension/mm3 0.15� 0.03� 0.01 0.35� 0.20� 0.10
a/Å 9.902 (9) 9.7666 (5)
b/Å 14.179 (5) 21.1009 (10)
c/Å 15.231 (5) 22.2607 (11)
a/deg 117.357 (4) 106.569 (3)
b/deg 103.858 (6) 99.922 (3)
g /deg 92.981 (6) 94.037 (3)
V/Å3 1811.12 (18) 4296.4 (4)
Z 2 2
R1(wR) for I> 2s(I) 0.0571 (0.0751) 0.0626 (0.1419)
R(wR) for all data 0.1658 (0.0938) 0.1501 (0.1894)
G.O.F. 1.001 1.002
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acceptable. This method afforded solvated compound,
crystal B as listed in Table 1.


X-ray crystallographic analysis


The diffraction data of the single crystal of
1,8-TPID-naphthalene was collected on the Bruler APEX
II CCD area detector (MoKa, l¼ 0.71073 nm). During
the data collection, the lead grass doors of the
diffractometer were covered to exclude the room light.
The data refinement was carried out by the Bruker
APEXII software package with SHELXT program.7 All
non-hydrogen atoms were anisotropically refined. The
crystallographic parameters are listed in Table 1.

Photochemical studies


The ESR signal of the light-induced radical pair of
1,8-bisTPI.-naphthalene in frozen toluene matrix was
recorded on a JEOL JES-TE200 spectrometer operating
at the X-band equipped with a digital temperature
controller model 9650 (Scientific Instruments, Inc.). The
sample solution in a quartz tube (f 3.2mm) was degassed
by the freeze-pump-thaw method.


The time-resolved visible-NIR absorption spectra were
measured on a S-2600 multi-channel spectrometer (Soma
optics Ltd.). The time-course spectra at 620 nm were
recorded on an UV-3100 spectrophotometer equipped
with a TCC-260 temperature controller (Shimadzu
corporation).


Light from a xenon lamp passed thorough a band-pass
filter (360 nm, ca. 0.2mW/cm�1; LAX 100, Asahi bunko
Ltd.) was used for the ESR and time-resolved absorption
spectra measurements. The light irradiation for the
time-course study was performed by Keyence UV-400

Copyright # 2007 John Wiley & Sons, Ltd.

series UV-LED lamp (UV-50H type) equipped with a
UV-L6 lens unit (365 nm, ca. 800mW/cm2).

RESULTS AND DISCUSSION


The molecular structure of 1,8-TPID-naphthalene was
unambiguously determined by X-ray crystallography as
the ORTEP drawing shown in Fig. 1.8 Two TPI. moieties
afforded a photochromic 1,20-biimidazole dimer by
intramolecular radical recombination. The bond length
between C1 and N1 (1.494 Å) was almost identical with
that found in tF-BDPI-2Y dimer (1.499 Å). The other
bond lengths are reasonable as compared with conven-
tional HABIs. The bridging benzene rings are held in
close proximity to each other and their mean planes were
positioned at a slight tilt angle of 3.2 degree. The contact
distances between the bridging benzenes are also shown
in Figure 1. The torsion angle between the mean planes of
naphthalene and benzene rings are 54.2 and 52.0 degree,
respectively.


The light-induced radical pair of 1,8-bisTPI.-naphtha-
lene was investigated by ESR spectroscopy. The frozen
toluene solution of 1,8-TPID-naphthalene (1.61�
10�3M) was irradiated with 360 nm of UV light for
5min at 84K. As it is always observed for the HABI
family, the formation of triplet TPI. pair was confirmed by
a characteristic fine structure as shown in Fig. 2. The
zero-field splitting parameter was obtained as 11.8mT
(j2D/hcj ¼ 0.0110 cm�1). An estimation by means of
point-dipole approximation revealed that the distance
between spin-density centers is 6.18 Å. This distance is
comparable with those found in other light-induced TPI.


pairs in frozen matrices or crystal.9 The time-dependent
signal decay arose from the back-reaction or dispropor-
tionation was not observed at 84K, but the ESR signal
disappeared due to the recombination of TPI. pairs as the
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Figure 1. ORTEP drawing for 1,8-TPID-naphthalene with 50 % probability thermal ellipsoid
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temperature increased to room temperature region. At a
temperature above the melting point of toluene, light-
induced ESR signal showed time decay with exclusion of
the light.


The kinetics of the back-reaction was investigated by
means of vis-NR absorption spectra. The photoreaction of
1,8-TPID-naphthalene in degassed toluene (3.53�
10�4M) was performed by irradiation with 365 nm
of UV light in a well-stirred quartz cell (light-path
length¼ 10mm) equipped with a thermostat. Upon
irradiation, an intense absorption band with lmax¼
585 nm that attributable to the absorption of 1,8-

Figure 2. ESR signal of the light-induced triplet radical pair
of 1,8-bisTPI.-naphthalene in frozen toluene


Copyright # 2007 John Wiley & Sons, Ltd.

bisTPI.-naphthalene appeared and the color of the
solution changed from colorless to green. Absorption
spectral change of the light-induced 1,8-bisTPI.-
naphthalene measured at 295K is shown in Fig. 3. The
absorption band immediately began to decrease as the
light irradiation was turned off. A thing worthy to note is
the existence of the shoulder band whose absorption
maximum at approximately 620 nm and broad absorption
band at longer wavelength (>750 nm). Interestingly,

Figure 3. Absorption spectral change of 1,8-bisTPI.-
naphthalene in degassed toluene at 295K with the time
interval of 1.5 s. The broken line at 600 nm is eye-guide. The
line with circles shows the initial spectrum
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Figure 5. The first-order kinetic plot for 1,8-bisTPI.-
naphthalene in toluene. For the graphical clarity, results at
four temperatures are represented
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these two absorption bands were affected by a bubbling of
oxygen gas to the optical cell. As shown in Fig. 4, the
absorption decay at 580 nm accelerated and longer
wavelength absorption disappeared in the presence of
oxygen. The initial spectral behavior recovered on the
removal of oxygen by continuous bubbling of argon gas.
These phenomena strongly support the existence of
the contribution from the triplet state to the absorption
spectra. The absorption band at 620 nm may be
presumably assignable to that of singlet TPI. pair that
led to the radical recombination. To our knowledge, the
spectral observation of the triplet state of TPI. pair in
solution has not been reported previously. The detailed
mechanism of the recombination process is currently
under investigation.


Taking into account above insight, the time course
spectra for the radical recombination reactions of 1,8-
bisTPI.-naphthalene were probed at 620 nm of wavelength
after 10 s of light irradiation followed by a few seconds of
delay-time after the irradiation was ceased. The first-order
kinetic plot is depicted in Fig. 5. The rate constant was
obtained as 8.46� 10�2 s�1 at 273K and was found to
increase with temperature. The temperature dependence of
the kinetic constant of the recombination reaction followed
an Arrhenius kinetics (Fig. 6). The activation energy barrier
and the frequency factor determined from the plot are
42.0 kJ/mol and 9.25� 106 s�1, respectively. The activation
energy is comparable to those of conventional HABI family
that obey the second-order kinetics. On the basis of the
kinetic parameters, the rate constant and half-life time at
295K (ln2/k295K) was estimated by the extrapolation to be
0.339 s�1 and 2.04 s. It is noteworthy that this recombina-
tion reaction is extremely fast, and the kinetics clearly
obeys the first-order as shown in Fig. 5, whereas several
kinetic studies of HABIs based on the second-order have

Figure 4. Absorption spectral change of 1,8-bisTPI.-
naphthalene in toluene with existence of oxygen with the
time interval of 1.5 s. The broken line at 600 nm is eye-guide
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been reported. The intramolecular recombination of
diffusion-inhibited two radical centers of 1,8-bisTPI.-
naphthalene allowed the kinetics to be the first-order. It
is known that HABIs occur the solid state photoreaction as
well as in the solution, but the back-reaction in the solid
state does not obey the second-order law.1(e) The detailed
investigation for the mechanism and kinetics of the
back-reaction in the solid state have not been explored.


In conclusion, the fast reversible HABI derivative,
1,8-TPID-naphthalene, was designed with the aid of
naphthalene linker, and a significant acceleration of the
recombination reaction of light-induced radical pairs was
achieved. The kinetic study of 1,8-bisTPI.-naphthalene
revealed an unequivocal first-order behavior whose

Figure 6. Arrhenius plots for the first-order kinetics of
1,8-bisTPI.-naphthalene
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half-life time is 2 s at room temperature. These results
established a new paradigm of the molecular designing
for the photochemistry and functional material science.
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ABSTRACT: Olefins with a phenathroline ring and a pyrrole ring were prepared and hydrogen atom transfer
reaction in the excited singlet state was observed. The tautomer produced in the excited singlet state has lifetime of
30–50 ps for cis-1 and c,t-2 and with fluorescence maximum at longer wavelength region at 640 nm. The compound
1 exhibited photochromic behavior with its absorption maximum changing between 380 nm and 440 nm, while
2 exhibited only the small change of the absorption spectra on photoirradiation. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: isomerization; hydrogen atom transfer

INTRODUCTION


Hydrogen bonding can be observed in many chemical and
biological materials and plays an important role to control
the molecular properties and photochemical reactions.1–19


We have been interested in preparing compounds with
intramolecular hydrogen bonding to control photoisome-
rization,8–18 energy transfer, and photoinduced electron
transfer reactions.19 For example, olefin with an indole
ring and a pyridine ring showed one-way trans-to-cis
photoisomerization in the excited singlet state.9,10 In this
case, cis isomer forms intramolecular hydrogen bonding
and its excited state solely deactivates to the ground state
cis isomer without giving the fluorescence emission as
well as isomerization to the trans isomer (Scheme 1, A).
In addition, an olefin with a pyrrole ring and a pyridine
ring (B) also exhibited one-way trans-to-cis isomeriza-
tion in the excited singlet state.11 In these compounds the
cis isomer gave fluorescence at considerably longer wave-
length region at 580 nm due to the tautomer produced by
intramolecular hydrogen atom transfer in the excited
singlet state. Therefore, these photochemical properties
depend on the molecular structures and the olefin with a
pyrrole ring and a quinoline ring (C) exhibited cis-trans
mutual isomerization and the excited state intramolecular
hydrogen atom transfer in the excited state in cis isomer.8
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We have also explored the hydrogen atom transfer
induced one-way cis-to-trans isomerization in the excited
state in 20-hydroxychalcone (D) and its analogues by
observing the adiabatic hydrogen atom transfer and
isomerization processes by transient absorption spec-
troscopy.17,18 The color change of hemiindigo derivatives
(E) with photoirradiation has also been reported.
Furthermore, the effect of intermolecular hydrogen
bonding on the photoisomerization behavior of pyridone
derivatives (F) was observed.


We have intended our research to move on the
hydrogen-bonded system to develop compounds with
plural hydrogen bonding parts. In this respect we have
prepared the compounds with phenathroline ring and
pyrrole ring. In these compounds, hydrogen atom transfer
in the excited singlet state and some related photo-
chemical properties were observed.


We wish to report here the synthesis of the new
compounds (1, 2) with two intramolecularly hydrogen
bonding parts and the reference compound with one
hydrogen bonding. By the preparation 1 was obtained as
cis conformation (cis-1) and 2 was obtained as cis, trans
conformation (c,t-2) as a main product. The structure was
identified by 1H-NMR spectroscopy and elemental
analysis. The cis-1 and c,t-2 exhibited intramolecular
hydrogen atom transfer in the excited state to give the
fluorescence emission at 630–640 nm due to the tautomer
with the lifetime of 30–50 ps in benzene. The cis-trans
isomerization in cis-1 was observed and trans-to-cis
isomerization in c,t-2 to c,c-2 was suggested.
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Scheme 1. Examples for the effect of hydrogen bonding on photoisomerization
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EXPERIMENTAL


Neocuproine from Tokyo Kasei Kogyo Co., Ltd, Tokyo,
Japan and pyrrole-2-carboxaldehyde fromLancaster were
used as received. Solvents used for synthesis were dried
and distilled (MeOH, DMF). Other solvents for measur-
ing were of spectroscopic grade.


NMR spectra were recorded on Varian Gemini 200 or
Bruker ARX-400 instruments. UV–vis absorption spectra
and fluorescence spectra were recorded on a Shimadzu
UV-1600 spectrophotometer and a Hitachi F-4500
fluorescence spectrometer, respectively. Photoisomeriza-
tion was carried out by a Jasco FP-777 spectro
fluorometer.


Fluorescence decay measurement was carried out by
using the time-correlated single-photon counting method
(TCSPC). The apparatus was assembled on the basis of
previous paper,20 and details were described elsewhere.21


Laser excitation wavelength of 375 nm was achieved by a
diode laser (PicoQuant, LDH-P-C-375) driven by a power
control unit (PicoQuant, PDL 800-B) with a repetition
rate of 2.5MHz. Temporal profiles of fluorescence decay
were detected by using a microchannel plate photo-
multiplier (Hamamatsu, R3809U) equipped with a
TCSPC computer board module (Becker and Hickl,
SPC630). Full-width at half-maximum (FWHM) of the
instrument response function was 51 ps. Criteria for the
best fit were the values of x2 and the Durbin–Watson
parameters, obtained by nonlinear regression.22

Copyright # 2007 John Wiley & Sons, Ltd.

Synthesis


To a solution of Neocuproine (2, 9-dimethyl-1,
10-phenanthroline) (0.975 g, 4.69mmol) in 20ml of
MeOH at room temperature was added 35% HCl (1.0ml,
11.7mmol). The reaction mixture was stirred at room
temperature for 1 h. After solvents were removed, the
product was obtained as a white powder. To a solution of
the white powder in 25ml DMF was added pyrrol-2-
carboxaldehyde (1.78 g, 18.7mol) in 10ml DMF and
piperidine (0.93ml, 9.39mmol) at room temperature. The
reaction mixture was stirred at 100 8C for 4 h. The
resulting solution was washed with 0.5% aqueous
NaHCO3 (150ml), extracted with CHCl3, and dried
over Na2SO4. After solvents were removed, the crude
product was obtained as a brown powder. The product
was purified with column chromatography on silica gel
with CH2Cl2 as the eluent followed by precipitation
with CH2Cl2 and hexane. After solvents were removed,
two pure products (cis-1 and c,t-2) were obtained.


Yellow solid of cis-1 (187.0mg, 14%) Rf¼ 0.63,
CH2Cl2.


1H NMR (CDCl3, 400MHz, ppm): d 15.37 (s,
1H), 8.15 (d, 1H, J¼ 2.8Hz), 8.13 (d, 1H, J¼ 2.8Hz),
7.69 (s, 2H), 7.54 (d, 1H, J¼ 2.2Hz), 7.52 (d, 1H
J¼ 1.5Hz), 7.44 (m, 1H), 6.80 (d, 1H, J¼ 12.8Hz), 6.58
(m, 1H), 6.41 (m, 1H), 6.34 (d, 1H, J¼ 12.8Hz), 3.02 (s,
3H); 13C NMR (CDCl3, 100MHz, ppm): d 158.5, 155.5,
145.2, 144.9, 136.3, 136.2, 131.2, 126.9, 126.5, 126.4,
125.4, 125.2, 125.0, 123.6, 122.4, 118.3, 116.3, 109.5,
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Table 1. Absorption maxima and molar extinction coeffi-
cient of cis-1 in polar and nonpolar solvent


Solvent l/nm e/M-1 cm�1


trans-1 Benzene 387 46 500
367 41 500
307 15 600


Acetonitrile 379 35 100
302 17 200
271 32 200
228 56 200


cis-1 Benzene 429 16 000
329 3830
283 27 800


Acetonitrile 413 13 700
322 4470
277 26 200
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26.1; Anal. Calcd. for C19H15N3: C, 78.98; H, 5.30; N,
14.73. Found: C, 79.73; H, 5.43; N, 14.63.


Yellow powder of c,t-2 (69.0mg, 4.1%) Rf¼ 0.49,
CH2Cl2.


1H NMR (DMSO-d6, 400MHz, ppm): d 15.32 (s,
1H), 11.51 (s, 1H), 8.47 (d, 1H, J¼ 1.5Hz), 8.45 (d, 1H,
J¼ 1.5Hz), 8.05 (d, 1H, J¼ 8.4Hz), 7.92 (m, 2H), 7.80
(d, 1H, J¼ 8.4Hz), 7.72 (d, 1H, J¼ 16.8Hz), 7.35 (d, 1H,
J¼ 16.8Hz), 7,20 (m, 1H), 7.00 (m, 1H), 6.82 (d, 1H,
J¼ 8.4), 6.54 (m, 1H), 6.47 (d, 1H, J¼ 12.8Hz), 6.41 (m,
1H), 6.28 (m, 1H), 6.20 (m, 1H); 13C NMR (DMSO-d6,
100MHz, ppm): d 156.4, 155.5, 145.7, 144.9, 136.3,
136.2, 131.6, 130.2, 127.4, 126.8, 126.5, 125.4, 125.2,
124.9, 124.7, 123.4, 122.2, 120.7, 120.5, 118.8, 115.9,
111.0, 110.6, 109.6; Anal. Calcd. for C24H18N4: C, 79.54;
H, 5.01; N, 15.46. Found: C, 79.26; H, 5.16; N, 15.38.

267 27 100
227 41 200


Methanol 415 16 000
322 4470
280 29 700
263 32 600
225 51 000

RESULTS AND DISCUSSION


Absorption and fluorescence spectroscopy
and hydrogen atom transfer


Figure 1 shows the absorption spectra of cis- and trans-1
in benzene, where the absorption maximum of cis-1
(440 nm) is appeared at longer wavelength than that of
trans-1. The absorption maximum and the extinction
coefficient depend on the solvent properties as shown in
Table 1. In polar solvent the absorption maximum shifted
to the shorter wavelength compared to the nonpolar
solvent, indicating that the lowest excited state should
have n-p� character. Usually the cis isomer with
intramolecular hydrogen bonding exhibited absorption
spectra at longer wavelength region compared to that of
trans isomer with 30–40 nm. Thus, our findings regarding
the spectral shift of the absorption spectra and the results
of other intramolecularly hydrogen bonded compounds
supported the spectral change observed.


Figure 2 shows the fluorescence and fluorescence
excitation spectra of trans-1 in acetonitrile. The

Figure 1. Absorption spectra of cis-1 (solid line) and trans-1
(three dots-dash line) in benzene


Copyright # 2007 John Wiley & Sons, Ltd.

fluorescence maximum appeared at 430 nm in benzene
and in acetonitrile and their Stokes shift is calculated to be
3600, and 5600 cm�1, where the longer wavelength
absorption edge and the shorter wavelength fluorescence
edge have some overlapping area.


The fluorescence quantum yield of trans-1 was
determined to be 5.2� 10�3 and 2.5� 10�3, respectively
in benzene and in acetonitrile.


Figure 3(a) shows the absorption spectra and fluor-
escence and fluorescence excitation spectra of cis-1 in
benzene. In benzene the fluorescence at shorter wave-
length region with the maximum at 489 nm and at longer
wavelength region with the maximum at 640 nm was
observed on excitation at 340 nm. The excitation spectra
observed at 640 nm are almost superimposed to the
absorption spectra of cis-1 and therefore, this emission is

Figure 2. Fluorescence at 359 nm (solid line) and fluor-
escence excitation spectra at 480 nm (dash line) of trans-1
in benzene
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Figure 3. Absorption (thick line), fluorescence at 340 nm
(thin line), and fluorescence excitation spectra at 510 nm
(dot-dash line) and (a), (b) 640 nm (c) 638 nm (dotted line) of
cis-1 in benzene (a), in acetonitrile (b), and in methanol (c).
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caused by the photoexcitation of cis-1. The fluorescence
quantum yield (Ff) of cis-1 was determined to be
5.2� 10�4 and is very small. The Stokes shift between the
absorption maximum at 400 nm and the emission
maximum at 620 nm is calculated to be 7600 cm�1


indicating that the molecular structure and/or electronic
structure of the emission species at 640 nm in the excited
singlet state should be very much different from that of
the ground state. Since the formation of the intramole-
cular hydrogen bonding in cis-1 is suggested by the
observation of the low field NH proton by NMR
spectroscopy, the fluorescence spectra at 640 nm can be
assigned to the tautomer produced by the excited state
intramolecular hydrogen atom transfer in the excited
singlet state. The Stokes shift calculated in acetonitrile
andmethanol is 8400 and 8300 cm�1, respectively, but the
fluorescence maximum of the tautomer is almost the same
in varying solvents.

Copyright # 2007 John Wiley & Sons, Ltd.

The fluorescence observed at 480 nm could be assigned
to the normal form of cis-1, but the fluorescence
excitation spectrum observed at 480 nm is different from
the absorption spectra. One can explain by the following
two possibilities. One of them is the existence of the
ground state rotational isomer having no hydrogen
bonding and the other is the fluorescence from the
trans-1 produced as a photoproduct of cis-1. The
1H-NMR spectroscopy indicates that cis-1 should exist
as exclusively a hydrogen-bonded form, although the
existence of a small amount of rotational isomer or
trans-1 cannot be ruled out.


In acetonitrile, the tautomer emission at 630 nm was
also observed and indicates that the excited state
intramolecular hydrogen atom transfer should take place
not only in nonpolar solvent but also in polar solvent
(Fig. 3(b)).


As shown in Fig. 3(c), in methanol cis-1 gives similar
fluorescence spectra to those in benzene, but the
fluorescence intensity of 420 nm vs. 630 nm is reverse
to that in benzene. Thus, the fluorescence intensity at
630 nm is smaller than that at 420 nm. In methanol
solvent, methanol may form intermolecular hydrogen
bonding with cis-1 and methanol may affect the
molecular conformation of cis-1, and therefore, the
fluorescence band at 630 nm should be somehow affected
by methanol. The effect of intermolecular hydrogen
bonding with methanol may be the reason of smaller
intensity at 630 nm relative to 420 nm compared to that in
benzene. However, the maximum wavelength and the
spectral profile of the emissive species at 630 nm is almost
the same as that in benzene indicating that the
intermolecular hydrogen bonding with solvent methanol
does not affect the excited state properties of the tautomer
produced by intramolecular hydrogen atom transfer.


The fluorescence spectra of c,t-2 also give two bands at
480 nm and 640 nm (Fig. 4). The excitation spectra of
both bands are superimposed to those of the absorption
spectra of c,t-2 indicating that the two fluorescence bands
were observed on excitation of c,t-2. The Stokes shift of
the longer wavelength band with the maximum at 640 nm
and the absorption maximum at the longest wavelength
region (450 nm) can be calculated to be 7000 cm�1.
Therefore, the fluorescence spectra were also assigned to
the tautomer produced in the excited singlet state on
photoirradiation.

Fluorescence lifetimes


Table 2 shows fluorescence lifetimes derived by the
analysis of measured decay curves of cis-1 and c,t-2.
Lifetime of cis-1monitored at 630 nm gave almost single
component manner of 46 ps, following negligible
contribution of 506 ps as shown in Figs. 5 and 6. This
is applicable to the lifetime of c,t-2 in the same
wavelength (Fig. 6). From the fluorescence measurement,
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Figure 4. Absorption (thick line), fluorescence at (a)
330 nm, (b) 350 nm, (c) 340 nm (thin line) and fluorescence
excitation spectra at (a) 480 nm, (b), (c) 510 nm (dot-dash
line) and (a) 638 nm, (b), (c) 640 nm (dotted line) of c,t-2 in
benzene (a), in acetonitrile (b), and in methanol (c).


Table 2. Fluorescence lifetimes of cis-1 and c,t-2 in benzene
under Ar atmosphere excited at 375 nm


Compound


t/ps


480 nm 630 nm


cis-1 113 (0.877) 46 (0.993)
380 (0.123) 506 (0.007)


c,t-2 138 (0.630) 28 (0.993)
638 (0.370) 616 (0.007)


Values in parenthesis mean normalized ratio of the corresponding lifetime.


Figure 5. Fluorescence decay curves of cis-1 monitored at
(a) 480 nm and (b) 630 nm; observed decay (large dot), IRF
(small dot), fitted curve (thick line), slow (thin line) and fast
(broken line) components of fitted decay. Upper column is
weighted residual


Figure 6. Fluorescence decay curves of c,t-2 monitored at
(a) 480 nm and (b) 630 nm; observed decay (large dot), IRF
(small dot), fitted curve (thick line), slow (thin line) and fast
(broken line) components of fitted decay. Upper column is
weighted residual
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this component seems to be the different component from
the excited state of cis-1 due to the large Stokes shift of
7400 cm�1 as described in the previous section. One may
assign the lifetime of 46 ps and 28 ps to isomers cis-1( and
c,t-2( formed by photoinduced hydrogen-atom transfer
reaction as shown in Scheme 2. Since formation of cis-10

Copyright # 2007 John Wiley & Sons, Ltd.

brings about very small structural changes during the
reaction in the excited state, the formation time constant
of cis-1( is considered to occur within Pico second time
scale. This is why the rise component of cis-1( was not
observed at 630 nm due to the lack of time resolution of
the present TCSPC system. Meanwhile, the lifetime
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Scheme 2.
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component monitored at 480 nm showed a relatively
complicated fashion. t of cis-1 at 480 nm consisted of 113
and 380 ps, while that of c,t-2 138 and 638 ps. A major
component of both cis-1 and c,t-2 was approximately
100 ps, which was 30–40% of tmonitored at 630 nm. The
long lifetime of approximately 400 ps exists in the case of
480 nm decay in comparison with 630 nm decay. The
spectral tail of emissive species may extend to 630 nm. In
the present experiment, two possibilities for the assign-
ment of emissive species monitored at 480 nm having
approximately 100 ps may be considered: (1) the
emission from trans form of cis-1 formed by excitation
laser during fluoresecence measurement, and (2) con-
former of cis-1 that cannot undergo hydrogen-atom
transfer in the excited state (Scheme 2). To examine these
two assumptions, fluorescence excitation measurement of
cis-1 was carried out monitored at 510 and 638 nm.
Although the excitation spectrum monitored at 638 nm
agreed with the corresponding absorption spectrum of
cis-1, that at 510 nm gave an absorption spectrum close to
trans form rather than an absorption spectrum of cis-1.
We are now working on to complete the assignment of
this emissive species.

Photoisomerization


On photoirradiation at 365 nm light the absorption spectra
of cis-1 were almost constant in benzene, while on
irradiation at 465 nm light the absorption spectra changed
very much and the maximum wavelength was shifted
from 435 nm to 380 nm (Fig. 7).


ð½cis�=½trans�Þ pss ¼ ð"t="cÞðFt� c=Fc� tÞ (1)


The photostationary state isomer ratio ([cis]/[trans])
pss was determined to be 99/1 on 365 nm excitation. The

Copyright # 2007 John Wiley & Sons, Ltd.

ratio of extinction coefficient of cis-1 and trans-1 at
365 nm et:ec¼ 3.6:1. By using these values and Eqn 1, one
can calculate the difference of quantum yield of
cis-to-trans (Fc-t) and trans-to-cis photoisomerization
(Ft-c) to be Ft-c/Fc-t¼ 27.3. Thus, the cis-to-trans
isomerization is 27 times smaller than trans-to-cis
isomerization in the excited state indicating the suppres-
sion of the isomerization by the deactivation through
intramolecular N—H:N hydrogen bonding or by way of
intramolecular hydrogen atom transfer. The spectral
change by photoirradiation is also occurred with 415 nm
irradiation at the isosbestic point to give the photosta-
tionary state.


Figure 8 shows the spectral change of the absorption
spectra on excitation of c,t-2 at 365 nm in benzene under
argon atmosphere. The absorbance at the longer
wavelength region increased with concomitant decrease
with the absorbance at 300–400 nm.


As photochromic properties 1 exhibited absorption
spectra change with photoirradiation between 380 nm
(trans-1) and 440 nm (cis-1) depending on the irradiation
wavelength. Usually, the cis isomer exhibited absorption
spectra with smaller extinction coefficient with absorp-
tion maximum at slightly shorter wavelength. However,
the presence of intramolecular hydrogen bonding affected
the electronic structure to shift the absorption maximum
of cis isomer by the extension of conjugation by
intramolecular hydrogen bonding. This effect also
contributes to extend the absorption maximum of cis
isomer in 1. The quantum yield of cis-to-trans
isomerization is estimated to be 27 times smaller than
that of trans-to-cis isomerization. Therefore, the intra-
molecular hydrogen bonding could control the efficiency
and the mode of isomerization in phenanthroline
derivatives.


Since the spectral change due to the photoirradiation is
very small, 2 was obtained as cis, trans conformer (c,t-2)
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Figure 8. Change of absorption spectra on photoirradia-
tion of c,t-2 in benzene at 365 nm for 0, 10 and 30min


Figure 7. Change of absorption spectra on photoirradia-
tion of cis-1 in benzene under Ar at 365 for 0 and 60min (a),
412 for 0, 30 sec, and 1 h (b), or 465 nm for 0, 30, 60,120
and 300min (c).


Copyright # 2007 John Wiley & Sons, Ltd.
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and the photoirradiation did not seem to produce the
trans, trans isomer (t,t-2). The observed spectral change
by photoirradiation was tentatively assigned to the
isomerization from c,t-2 to c,c-2. We have expected that
the introduction of the second intramolecular hydrogen
bonding may affect the absorption spectra by further
extending the electronic conjugation probably due to the
intramolecular hydrogen bonding. However, the present
finding indicates that only the presence of another
intramolecular hydrogen bonding does not affect the
absorption spectra.


Since 2 has two pyrrole NH groups and two pyridine N
group and can introduce metal ions at the center, the study
on photochemical properties of metal complexes of 2 is
now in progress.

CONCLUSIONS


Effect of intramolecular hydrogen bonding in olefins of
phenanthroline derivatives has been studied by the
synthesis of desired compounds and steady state and
time resolved spectroscopy as well as observation of
photoisomerization behavior. The intramolecular hydro-
gen bonding induced the intramolecular hydrogen atom
transfer to give the tautomers, which emit characteristic
fluorescence spectra with large Stokes shift and quite
short lifetime of 30–50 ps. The intramolecular hydrogen
bonding affected the absorption spectral profile to give the
photochromic properties depending on the conformation
of cis isomer with hydrogen bonding and trans-isomer
without hydrogen bonding.
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1Institut des Sciences Moléculaires, University Bordeaux1, UMR CNRS 5255, F-33405 Talence, France
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ABSTRACT: A series of 3,3-diphenyl-3H-naph
functional groups has been synthesized. The pho
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tho[2,1-b]pyrans substituted on 5-position by various nitrogenated
tochromic reaction between the pyranic closed form and their open


forms has been studied using NMR and UV–Vis spectroscopies. The ability of the photoinduced carbonyl group to
promote the formation of hydrogen-bonded complexes has been compared within the series. Copyright # 2007 John
Wiley & Sons, Ltd.
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INTRODUCTION


Naphthopyrans constitute a class of photochromic com-
pounds which have been mainly studied for applications
as pigments in the ophthalmic industry for over 20 years.1


UV-irradiation leads to the Csp3—O bond cleavage pro-
ducing colored isomers, namely photomero-forms. This
phenomenon is more often thermally reversible, although
it can also be photochemically induced, giving rise to
applications in supramolecular chemistry. This electro-
cyclization process is unique in terms of the accompaning
large changes in the structural and electronic character-
istics. Consequently, different spirobenzopyran or related
naphthopyran derivatives containing ion responsive mole-
cules such as crown ether,2 amid group,3 or calixarenes4


have been synthesized and studied to determine the in-
fluence of the irradiation upon the complexation.
Photochromic molecules as bistable compounds are sui-
table for mimicking biological signal transduction
processes, and therefore, by combining molecular reco-
gnition with photochromic chemistry, conceptually new
photoresponsive systems will be created. With that in
mind, we aim to prepare and fully characterize suitable
5-amino substituted naphthopyrans that could develop
some H-bond network upon irradiation. Electron donor or
withdrawal substituents located on the C-5 position
significantly affect the well-documented photochromic

to: J.-L. Pozzo, Institut des Sciences Moléculaires,
aux1, UMR CNRS 5255, F-33405 Talence, France.
ism.u-bordeaux1.fr
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properties of 3,3-diphenylnaphtho[2,1-b]pyrans1 and this
position is also a geometrical prerequisite for promoting
host–guest interaction involving the photoinduced car-
bonyl group. Furthermore compounds incorporating a
carbonyl group like ester or ketone have been
recently reported to lead to the formation of simple
and efficient photoswitchable system based on an enhan-
ced proportion of stable TT-isomer5 which remains
unusual within 3,3-diphenylnaphtho[2,1-b]pyrans and
2,2-diphenylnaphtho[1,2-b]pyrans.6 On another hand,
ureido derivatives have also been shown to preferentially
promote supramolecular recognition event through H-
bonding under UV irradiation.7 A better understanding of
these peculiar and promising effects is expected through
a structure-property relationship. The comparison of the
spectrokinetic properties of the target molecules will also
determine the more appropriate structural prerequisite.

RESULTS AND DISCUSSION


The synthesis of target molecules with various donor and
acceptor hydrogen-bond sites requires the preparation
of a common key molecule: 5-amino-3,3-diphenyl-
[3H]naphtho[2,1-b]pyran (4a) (Scheme 1). This com-
pound was synthesized in three steps from the commer-
cially available 3-amino-2-naphthol (1). The first step
consists of the protection of the amino function in
presence of trifluoroacetic anhydride8 to afford (2). This
reduces the basic character of the nitrogen atom of
naphthol (2) and allows its chromenization using acid
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658C; (ii) 1,1-diphenylprop-2-yn-1-ol or 1,1-(4,40- difluorophe
nyl)prop-2-yn-1-ol, p-toluenesulfonic acid (cat), toluene, reflux;
(iii) K2CO3, MeOH, H2O, reflux
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catalysis9 with 1,1-diphenylprop-2-yn-1-ol.10 The pro-
tective group is then removed by treatment with K2CO3


in refluxing methanol/water mixture11 to afford (4a).
A similar synthetic pathway is used to prepare the
difluorinated corresponding compound (4b). This latter
product was obtained in lower yield in comparison with
(4a) due to the purification process.

O


N
H


N


N


N


ClCl


X


X


O


N
H


O


C6H13


X


X


O


N
H


N
H


O
C8H17


X


X


(4a)  or  (4b)


(5a)   X = H
(5b)   X = F


(6a)   X = H
(6b)   X = F


(7a)   X = H
(7b)   X = F


(i)


(ii)


(iii)


Scheme 2. Reagents and conditions: (i) n-octylisocyan-
ate, CH2Cl2, 25 8C; (ii) 1-bromooctan-2-one, THF, 25 8C;
(iii) cyanuric acid, N,N-diisopropylethylamine, THF, 25 8C
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The target molecules are obtained in one step from (4a)
or (4b) intermediates (Scheme 2). The reaction with
the n-octyl-isocyanate leads to the formation of urea
derivatives12 (5a) and (5b). Reaction with 1-bromooctan-
2-one13 affords respectively (6a) and (6b) according
to SN2 substitution. Compounds (7a) and (7b) are obtai-
ned by reacting respectively 5-aminochromenes (4a) or
(4b) with cyanuric acid14 and diisopropylamine as base
at room temperature, these conditions allow the control
of the monosubstitution of the triazine unit. All the
described compounds 5a–7b with two hydrogen-bonding
groups gave satisfactory elemental analysis and spectro-
scopic data.


The photochromic behavior of target molecules and
key amino intermediates has been determined under
continuous irradiation at room temperature using toluene
as solvent (see Experimental section for details). Three
main spectrokinetic parameters: (1) absorption maxima
of the colored form (lmax OF), (2) thermal bleaching rate
(kD), and (3) absorbance at the photostationnary state
(Apss) measured upon continuous irradiation have been
quantified for all non-fluorinated compounds and are
collected in Table 1. Previous studies have shown that the
fluorine atoms located on the phenyl groups do not affect
the spectrokinetic data inducing very tiny changes.15 The
presence of nitrogenated group directly linked on the
5-position of the 3,3-diphenyl-[3H]naphtho[2,1-b]pyran
does not suppress the photochromic behavior. Indeed Apss


values indicate a good response to irradiation even if
slightly lowered with respect to parent molecule (Apss¼
1.12).15 Comparison with unsubstitued parent chromene
also reveals a bathochromic effect on the maximum
absorption for the colored open forms, this one shifting
from 425 to 439–455 nm. More interestingly, the
photogenerated forms are more stable even at room
temperature as indicated by a significant decrease of
thermal bleaching constant rates. Some of us have
previously demonstrated that NMR spectroscopy is a
powerful technique to investigate the photochromic
behavior of chromenes.16 19F NMR is especially suitable
to distinguish between the various open form isomers and
to follow all the kinetic pathways. The evolution of
1H and 19F NMR spectra corresponding to the five
naphthopyrans difluorinated on the 4-position of phenyl
groups 3b–7b has been monitored at 243K in toluene

Table 1. Spectrokinetic data obtained for non-fluorinated
naphthopyransa


Compounds
lmax


CF (nm)
lmax


OF (nm) Aeq
298kD (s�1)


3a 329 455 0.58 0.017
4a 336 439 0.86 0.007
5a 337 438 0.64 0.015
6a 335 425 0.77 0.021
7a 333 454 0.84 0.028


a 5� 10�5 M solutions in toluene.
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Figure 1. 1H NMR spectra (a) before and (b) after irradiation
of 7b at 243K, (c) 19F NMR spectrum after irradiation


Figure 2. Time evolution concentrations of 7b at 243K
after irradiation
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solution. Those corresponding to compound 7b are depi-
cted in Fig. 1. Comparison of 1H NMR spectra before
and just after irradiation indicates the decrease of signals
belonging to the initial closed form (7b) and the
appearance of new resonances with different peak-
intensities. These observations are more evident in the
19F NMR spectrum, where two pairs of signals are
detected after irradiation characterizing the presence of
both expected transoid photomerocyanines, TC and TT.
The more concentrated photomerocyanine is identified as
TC isomer due to the more deshielded doublet signal at
9.2 ppm, characterizing proton H-2 with a coupling
constant of 12.4 Hz.14 The thermal relaxation of irradiated
solutions has been followed by recording NMR spectra
at regular time-intervals for several hours after the
irradiation was stopped. The measurement of peak-
intensities makes it possible to plot time evolution of their
concentrations (Fig. 2). The major concentrated isomer
TC follows a mono-exponential decay while the second
isomer, TT, presents no significant thermal evolution at
243 K. Similar behaviors have been observed for each of
the five investigated molecules, and the calculated rate
constants of bleaching, 243kD TC!CF are reported in
Table 2. In contrast, 19F NMR chemical shift changes and
broadening of one signal in TC isomer are restricted to
compound (5b) which possesses a urea group inducing a
self-association process as previously reported.7 Repla-
cement of this group by amino-b-carbonylated (6b) or
aminotriazine units (7b) totally suppress self-assembling.
This has been also observed for intermediates (3b,4b).
This opens new prospect in designing 2H-chromenes that
could act as receptor through multiple hydrogen-bond
complementarity which will be revealed only for the
colored forms. These selected side arms could promote an
ADA system (Fig. 3). The aminotriazine unit which has

Copyright # 2007 John Wiley & Sons, Ltd.

extensively used in supramolecular chemistry17 appears
particularly attractive as a second substitution is easily
achieved so numerous structural variations are reachable
including systems with quadruple hydrogen-bond. Prep-
aration of such compounds and characterization of
selective association under irradiation are under progress.

CONCLUSION


We have demonstrated that simple 5-aminosusbtituted
3,3-diphenyl-naphtho[2,1-b]pyrans are excellent photo-
chromic compounds. Conveniently substituted 5-nitro-
genated naphthopyrans appear to be promising building
blocks for supramolecular purpose through the use of
their photoinduced carbonyl group as hydrogen-bonding
acceptor group as self-assembly through hydrogen-bond
of their corresponding open forms is restricted to ureido
derivatives. This approach constitutes a new route toward
nanosized architecture which could be reversibly influ-
enced upon irradiation.

EXPERIMENTAL


Photochromic measurements (UV–Vis) were performed
in toluene solution (5� 10�5 M) of spectrometric grade
(Aldrich) at 20 8C. The analysis cell (optical pathlength
1 cm) was placed in a thermostated copper block
with magnetic stirring inside the sample chamber of a
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Table 2. Rate constants of bleaching and ratio obtained
after 10 min of UV irradiation determined by NMR spec-
troscopy


Compounds 243kD (s�1) TC/TT/CF


4b 3.22� 10�5 74/21/5
5b 3.46� 10�5 79/13/8
6b 1.16� 10�5 73/13/14
7b 18.0� 10�5 80/6/14
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Figure 3. Photochromic process. This figure is available in
colour online at www.interscience.wiley.com/journal/poc
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Beckman-DU-7500-diode-array spectrometer. An Oriel
150 W high pressure Xe lamp was used for irradiation.


For NMR investigations, samples (2� 10�3 M in
toluene-d8) were irradiated directly in the NMR tube
(5 mm), thermoregulated, using a 1000 W Xe–Hg HP
filtered short-arc lamp (Oriel) equipped with filter for UV
irradiation (Schott 011FG09, 259<l<388 nm). After
irradiation, the sample was transferred into the thermo-
regulated probe of a Bruker Avance-DPX or AC-300P
NMR spectrometer (1H, 300 MHz, 19F, 282 MHz).


Flash column chromatography was performed on silica
gel (Merck 40–63mm). Melting point was determined by
a melting point apparatus from Electrothermal Eng. Ltd
and was uncorrected. 1H and 13C NMR spectra were
determined on a Bruker AC 250 NMR spectrometer with
CDCl3 or DMSO-d6 as solvent and TMS as internal
standard (d¼ 0 ppm). 19F NMR spectra were obtained on
a Bruker (DPX 300 or AC 300) NMR spectrometer with
toluene-d8 as solvent. Mass spectra were recorded on a
VG AutoSpec apparatus using electronic impact at 70 eV.
Microanalyses were carried out in the microanalytical
Laboratory at the CNRS, Vernaison.

Preparation of compounds


1,3,3-trifluoro-N-2-(3(hydroxynaphthyl)ethana-
mide (2). A mixture of 3-amino-2-naphtol (1 g,
6.28 mmol) and trifluoroacetic anhydride (1.35 g,
6.66 mmol) is dissolved in THF (40 mL) and stirred for
1 h at 65 8C. The solvent removed, the crude product was
washed with water and dried. Recrystallization in ethanol
affords title compound 2. Yield 870 mg (54%); mp
243 8C; dH (250 MHz, DMSO-d6): 7.3 (1H, s, H-1), 7.35
(1H, t, J 7.6 Hz, H-6), 7.48 (1H, t, J 7.6 Hz, H-7), 7.72

Copyright # 2007 John Wiley & Sons, Ltd.

(1H, d, J 7.6 Hz, H-8), 7.85 (1H, t, J 7.6 Hz, H-5), 8.13
(1H, s, H-4), 10.5–10.72 (2H, br, NH and OH); dC


(62.5 MHz, DMSO-d6): 150.7, 140.9, 134.1, 128.8, 128.3,
127.6, 127.0, 125.7, 125.2, 124.8, 119.5, 110.9.


5-trifluoroacetamido-3,3-diphenylnaphto[2,1-
b]pyrane (3a). A mixture of 1,1,1-N-2(30-hydroxynaphtyl)
ethanamide (2) (820 mg, 3.21 mmol), 1,1-diphenylpropyn-
1-ol (672 mg, 3.24 mmol), and APTS (80 mg, 0.42 mmol)
is dissolved in toluene (40 mL) and refluxed for 10 h. The
solvent removed, the crude product was purified by
flash column chromatography using CH2Cl2/petroleum
ether (1:1) as eluent [comme éluant un mélange éther de
pétrole/CH2Cl2 (1:1)]. The solid is then washed with
pentane to afford 3 as a white solid. Yield 830 mg (58%);
mp 207–208 8C; dH (250 MHz, DMSO-d6): 6.27 (1H, d,
J 10 Hz, H-2), 7.31–7.55 (13H, H-8,9,1,20,30,40), 7.78
(1H, d, J 8.6 Hz, H-7), 7.94 (1H, d, J 8.6 Hz, H-10), 8.69
(1H, s, H-6), 8.87 (1H, s, NH); dC (62.5 MHz, DMSO-d6):
129.2, 128.9, 128.6, 128.5, 127.2, 127.0, 125.4, 121.5,
119.6, 118.8; MS (FAB) m/z 446 (MHþ), 368 (M-C6H5).


5-trifluoroacetamido-3,3-di-(4(-fluorophenyl)na-
phto[2,1-b]pyrane (3b). A mixture of 1,1,1-N-2(30-
hydroxynaphtyl)ethanamide (2) (350 mg, 1.37 mmol),
1,1-di-40fluorophenylpropyn-1-ol (325 mg, 1.37 mmol),
and APTS (60 mg, 0.315 mmol) is dissolved in toluene
(20 mL) and refluxed for 14 h. The solvent removed, the
crude product was purified by flash column chromatog-
raphy using CH2Cl2/hexane (1:3) as eluent. Yield 315 mg
(48%); mp 203 8C; dH (250 MHz, DMSO-d6): 6.27 (1H, d,
J 10 Hz, H-2), 7.31–7.55 (13H, H-8,9,1,20,30,40), 7.78
(1H, d, J 8.6 Hz, H-7), 7.94 (1H, d, J 8.6 Hz, H-10), 8.69
(1H, s, H-6), 8.87 (1H, s, NH); dC (62.5 MHz, DMSO-d6):
164.6, 160.7, 145.8, 141.7, 129.9, 129.6, 129.4, 129.3,
128.7, 127.8, 126.1, 124.8, 123.1, 121.1, 116.6, 116.4,
116.2, 82.8; dF (toluene-d8): -112.9; MS (FAB) m/z 482
(MHþ), 385 (M-C6H4F).


5-amino-3,3-diphenylnaphto[2,1-b]pyrane
(4a). A mixture of 5-trifluoroacetamido-3,3-diphenyl-
naphto[2,1-b]pyrane (3a) (307 mg, 0.69 mmol) and
potassium carbonate (600 mg, 4.34 mmol) is dissolved
in a mixture of methanol (25 mL) and water (1.6 mL). The
reaction mixture is then refluxed for 2 h. The solvent
removed, the crude product was purified by flash
column chromatography using CH2Cl2/petroleum ether
(1:1) as eluent. The solid is then washed with pentane to
afford 3 as a white solid. Yield 830 mg (58%); mp 187 8C;
dH (250 MHz, DMSO-d6): 5.50 (2H, s, NH2), 6.57 (1H, d,
J 9.9 Hz, H-2), 6.85 (1H, s, H-6), 7.03–7.34 (8H, m, H-
8,9,30,40), 7.37 (1H, d, J 8.5 Hz, H-1), 7.41 (1H, d, J
7.6 Hz, H-7), 7.56 (4H, m, H-20), 7.82 (1H, d, J 7.8 Hz, H-
10); dC (62.5 MHz, DMSO-d6): 138.8, 131.4, 129.2,
128.7, 127.4, 125.2, 123.2, 122.5, 121.3, 109.4; MS
(FAB) m/z 350 (MHþ), 272 (M-C6H5).
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5-amino-3,3-di-4(fluorophenylnaphto[2,1-b]pyr-
ane (4b). A mixture of 3b (300 mg, 0.62 mmol) and
potassium carbonate (520 mg, 3.76 mmol) is dissolved in
a mixture of methanol (25 mL) and water (1.6 mL). The
reaction mixture is then refluxed for 2 h. The solvent
removed, the crude product was purified by flash column
chromatography using CH2Cl2/petroleum ether (1:3) as
eluent. The solid is then washed with pentane to afford 3
as a white solid. Yield 195 mg (81%); mp 74 8C; dH


(250 MHz, DMSO-d6): 5.50 (2H, s, NH2), 6.58 (1H, d, J
10 Hz, H-2), 6.89 (1H, s, H-6), 7.08–7.24 (6H, m, H-
8,9,20), 7.38–7.49 (2H, m, H-1,7), 7.63 (4H, m, H-30),
7.86 (1H, d, J 8.2 Hz, H-10); dC (62.5 MHz, DMSO-d6):
164.6, 160.7, 142.2, 138.8, 131.5, 129.6, 128.9, 126.7,
125.3, 123.7, 123.2, 122.6, 121.6, 116.4, 115.9, 115.1,
109.4, 82.2; dF (toluene-d8): -113.3; MS (FAB) m/z 386
(MHþ), 289 (M-C6H4F).


1-(3,3-diphenyl-[3H]naphtho[2,1-b]pyran)-3-oct-
ylurea (5a). To n-octylisocyanate (0.270 g, 1.74 mmol)
in CH2Cl2 (3 mL) was added dropwise a solution of 4a
(0.150 g, 0.43 mmol) in CH2Cl2 (8 mL). The mixture was
stirred at room temperature for 72 h. The solvent
removed, the crude product was purified by flash
column chromatography using CH2Cl2/petroleum ether
(1:2) as eluent. Yield 0.120 g (56%); mp 181–182 8C; dH


(250 MHz, DMSO-d6): 0.85 (3H, t, J 6 Hz, CH3), 1.38
(12H, m, C—CH2—C), 3.10 (2H, q, J 5.9 Hz, N—CH2),
6.50 (1H, d, J 9.9 Hz, H-2), 7.19–7.42 (8H, m, H-
8,9,30,40), 7.47 (1H, d, J 10.1 Hz, H-1), 7.54 (4H, m, H-20),
7.62 (1H, d, J 8.2 Hz, H-7), 7.97 (1H, d, J 8 Hz, H-10),
8.06 (1H, s, NH), 8.52 (1H, s, NH); dC (62.5 MHz,
DMSO-d6): 156.4, 145.6, 141.4, 130.4, 130.3, 130, 129.4,
128.9, 128.7, 127.9, 125.7, 125.5, 122.6, 120.8, 116.1,
115.1, 84.1, 32.6, 31, 30.1, 30, 27.8, 23.4, 15.3; MS
(FAB) m/z 505 (MHþ), 427 (M-C6H5); Anal calc
for C34H36N2O2: C, 80.92; H, 7.19; found: C, 81.02,
H, 7.21.


1-(3,3-(4,4(-difluorophenyl)-[3H]naphtho[2,1-b]-
pyran)-3-octylurea (5b). Starting with 4b (0.180 g,
0.467 mmol), the same procedure as for 5a was applied
with n-octylisocyanate (0.270 g, 1.74 mmol). Yield
0.106 g (42%); mp 185 8C; dH (250 MHz, DMSO-d6):
0.85 (3H, t, J 6.2 Hz, CH3), 1.1–1.58 (12H, m,
C—CH2—C), 3.12 (2H, q, J 5.9 Hz, N—CH2), 6.47
(1H, d, J 10 Hz, H-2), 7.15–7.38 (7H, m, H-6,8,9, 20), 7.47
(1H, d, J 9.8 Hz, H-1), 7.52–7.62 (4H, m, H-30), 7.63 (1H,
d, J 8.1 Hz, H-7), 7.98 (1H, d, J 8.3 Hz, H-10), 8.07 (1H, s,
NH), 8.53 (1H, s, NH); dF (toluene-d8): -112.75; MS
(FAB) m/z 541 (MHþ), 444 (M-C6H4F). Anal calc
for C34H34F2N2O2: C, 75.53; H, 6.34; found: C, 75.41, H,
6.23.


1-(3,3-diphenyl-[3H]naphtho[2,1-b]pyran-5-ami-
no)-octan-2-one (6a). A solution of 4a (0.170 g,
0.487 mmol) and 1-bromooctan-2-one (0.360 g, 1.74 mmol)
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in THF (10 mL) was stirred at room temperature for 24 h.
The solvent removed, the crude product was purified by
flash column chromatography using CH2Cl2/petroleum
ether (1:2) as eluent. Yield 0.100 g (43%); mp 146–
147 8C; dH (250 MHz, CDCl3): 0.88 (3H, t, J
6.2 Hz, CH3), 1.31 (6H, m, C—CH2—C), 1.66 (2H,
qu, J 7.0 Hz, CO—C—CH2), 2.54 (2H, t, J 7.1 Hz,
CO—CH2), 4.09 (2H, d, J 6.3 Hz, N—CH2—CO), 5.58
(1H, t, J 6.5 Hz, NH), 6.27 (1H, d, J 10 Hz, H-2), 6.62 (1H,
s, H-6), 7.15–7.40 (10H, m, H-1,7,8,9, 30,40), 7.47 (4H, m,
H-20), 7.84 (1H, d, J 8.3 Hz, H-10); dC (62.5 MHz,
CDCl3): 155.1, 148.2, 145.1, 136.2, 129.3, 128.8, 128.1,
127.9, 127.2, 126.3, 124, 121.9, 120.1, 119.6, 105.4, 53.2,
41, 32.1, 28.8, 24.1, 23; MS (FAB) m/z 476 (MHþ), 398
(M-C6H5), 362 (ArNHCH2); Anal calc for C33H33NO2:
C, 83.33; H, 6.99; found: C, 83.48, H, 7.04.


1-(3,3-(4,4(-difluorophenyl)-[3H]naphtho[2,1-b]-
pyran-5-a-mino)-octan-2-one (6b). Starting with 4b
(0.150 g, 0.311 mmol), the same procedure as for 6a was
applied with 1-bromooctan-2-one (0.250 g, 1.20 mmol)
and stirring for 72 h. Yield 0.060 g (38%); mp 148 8C; dH


(250 MHz, DMSO-d6): 0.88 (3H, t, J 6.2 Hz, CH3), 1.42
(6H, m, C—CH2—C), 1.70 (2H, qu, J 7.3 Hz,
CO—C—CH2), 2.60 (2H, t, J 7.1 Hz, CO—CH2), 4.10
(2H, d, J 6.3 Hz, N—CH2—CO), 5.58 (1H, t, J 6.5 Hz,
NH), 6.27 (1H, d, J 10.1 Hz, H-2), 6.65 (1H, s, H-6),
6.93–7.12 (4H, m, H-20), 7.25–7.36 (3H, m, H-1,8,9),
7.39–7.55 (4H, m, H-30), 7.58 (1H, d, J 8.1 Hz, H-7), 7.88
(1H, d, J 8.2 Hz, H-10); dF (toluene-d8): -113.35; MS
(FAB) m/z 512 (MHþ), 415 (M-C6H4F), 398 (ArNHCH2);
Anal calc for C33H31F2NO2: C, 77.42; H, 6.11; found: C,
77.49, H, 6.12.


2,4-dichloro-6-(3,3-diphenyl-[3H]naphtho[2,1-b]-
pyran-5-a-mino)-1,3,5-triazine (7a). A solution of
cyanuric acid (0.084 g, 0.455 mmol) and THF (5 mL)
under nitrogen was stirred at 0 8C. 4a (0.150 g,
0.430 mmol) in THF (5 mL) was added dropwise
and N,N-diisopropylethylamine (0.056 g, 0.434 mmol)
was then added to the solution. The mixture was
stirred at 25 8C for 2 h. The solvent evaporated, the
crude product was purified by flash column chromatog-
raphy using CH2Cl2/petroleum ether (2:3) as eluent.
Yield 0.130 g (61%); mp 250–252 8C; dH (250 MHz,
DMSO-d6): 6.62 (1H, d, J 10 Hz, H-2), 7.17–7.35 (6H, m,
H-30,40), 7.36–7.48 (5H, m, H-1,20), 7.49–7.61 (2H, m,
H-8,9), 7.86 (1H, s, H-6), 7.93 (1H, d, J 8.5 Hz, H-7), 8.14
(1H, d, J 8.5 Hz, H-10), 11.11 (1H, s, NH); MS (LSIMS)
m/z 498.4 (MHþ); Anal calc for C28H18Cl2N4O: C, 67.61;
H, 3.65; found: C, 67.75, H, 3.59.


2,4-dichloro-6-(3,3-(4,4(-difluorophenyl)-[3H]na-
phtho[2,1-b]pyran-5-amino)-1,3,5-triazine
(7b). Starting with 4b (0.100 g, 0.260 mmol), the same
procedure as for 7a was applied with cyanuric acid
(0.052 g, 0.28 mmol). Yield 0.057 g (42%); mp 182 8C; dH
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(250 MHz, DMSO-d6): 6.62 (1H, d, J 9.8 Hz, H-2),
7.08–7.28 (4H, m, H-20), 7.38–7.68 (7H, m, H-30,1,8,9),
7.88 (1H, d, J 8.5 Hz, H-7), 7.97 (1H, s, H-6), 8.19 (1H, d,
J 8.4 Hz, H-10), 11.31 (1H, s, NH); dF (toluene-d8):
-112.7; MS (LSIMS) m/z 534.4 (MHþ); Anal calc
for C28H16Cl2F2N4O: C, 63.05; H, 3.02; found: C, 62.97,
H, 3.00.
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ABSTRACT: 4-Heptylazobenzene (HAB) has been covalently attached to cholesterol (Ch) by varying the methylene
spacers and to cyanobiphenyl (CB) moiety with an octyl methylene linkage. Enhancement of short-range translational
correlations in the chiral nematic (N�) phase has been observed by the introduction of HAB moiety. HAB–Ch
dimesogens exhibit chiral smectic C (SmC�), chiral smectic A (SmA�) and N� phases depending on the methylene
spacer length. The dimesogen containing HAB–CB shows a SmA and an N phase. The HAB–Ch dimesogen with octyl
methylene spacer shows co-existence of multiple periodicities in its SmA� as well as in SmC� phases. A dramatic
increase of >150 nm in the N� reflected wavelength shift (Dl) with change in temperature has been observed for the
HAB-Ch dimesogen containing an octyl spacer compared to the similar dimesogen that does not have a heptyl side
chain. Ferroelectric switching has been studied for a representative dimesogen containing HAB-Ch having hexyl
spacer in its SmC� phase, the spontaneous polarization value was determined to be 150 nC cm�2 (at 125 8C) by
applying a triangular wave field. A reversible photochemical switching between SmA and N phases also has been
reported for the dimesogen containing HAB–CB. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photoactive chiral dimesogens; smecic cybotactics; reflection wavelength; light driven phase transitions

INTRODUCTION


Development of novel organic photoresponsive materials
has been an area of immense interest mainly due to their
wide application prospects in photonics.1 Liquid crystals
(LCs) are promising materials for photonic applications
since microscopic molecular perturbations occurring
within them can amplify to macroscopic levels, resulting
in significant changes in their optical properties.2–6


Recently dimesogens/twins (LCs containing two meso-
genic units linked through a flexible spacer) are attracting
attention because they exhibit new LC phases and show
properties applicable for optical materials,6–8 information
storage devices9–11 and also as suitable dopant in glass
forming LCs.12–14 Chiral nematic (N�) LCs possess an
inherent property of selective reflection of light due
to their unique helical superstructure. The wavelength
of light reflected by such materials is highly sensitive
to external stimuli such as temperature, pressure and
impurities. These aspects have been the subjects of
innumerable reports11,15–24 and also make N� LCs useful

to: Dr N. Tamaoki, Molecular Smart System Group,
Research Institute, National Institute of Advanced
e and Technology (AIST), Central 5, 1-1-1 Higashi,
305-8565, Japan.
i@aist.go.jp


7 John Wiley & Sons, Ltd.

in a variety of display applications. Recent study has
shown that the photoinduced changes in the wavelength
of the reflected light can be attributed to changes in the
short-range translational correlations in some cholesterol
(Ch) based LCs.25,26 X-ray diffraction (XRD) analyses
provided evidence for the changes in the size and amount
of these smectic domains that result in variations of the N�


LC helical pitch. Studies have also shown that molecules
which can act as smectic inducers influence the short-
range translational orders in the LC phase.25 Smectic
inducers can be defined as rod-shaped moieties linked to a
flexible alkyl chain. Recently it has been reported on the
alteration of the range of reflected wavelength upon
doping the rod-shaped molecules in N� LC materials.25


In this paper we hypothesize that upon synthesizing
a dimesogen in which smectic inducer is covalently
attached to a chiral nematogen, short-range correlations
in the nematic LC phase will enhance. N� reflected
wavelength of such LCs will be highly sensitive to
the external perturbations. This will be a good method
to increase the range of selective reflection in N� LCs
and to design materials for display applications. To
test this hypothesis we have synthesized photoactive
4-heptylazobenzene (HAB) linked to Ch by varying the
methylene chain (7n6, 7n8, 7n10 and 7n12). By covalent
linking of a smectic inducer (in the present case HAB),
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microscopic translational ordering in the N� phase can
increase which can in turn increase the pitch of the helix.
The reason behind the synthesis of only even number of
methylene linkers is because our earlier results on dimeric
LCs show that even number of methylene linkers exhibits
high sensitivity towards the reflected wavelength com-
pare to their odd counter parts.26


To study the effect on the microscopic translational
ordering in a nematic LC HAB linked to the cyanobi-
phenyl (CB) group (7n8CN) also has been prepared
(Chart 1). Literature shows that there are detailed
investigations of the role of terminal chain, with respect
to the spacer, on the LC dimers to form smectic
phases.27,28 Present study shows the effect of translational
short-range correlations on the LC properties as well as on
N� reflection wavelength. LC properties of these dimeso-
gens have been systematically studied. Electro-optical
studies of a representative ferroelectric dimesogen 7n6
have also been discussed. Photoinduced cis/trans
isomerisation of the azobenzene chromophore in
7n8CN could be utilized to bring about an isothermal
phase transition from the smectic to the nematic phases.


Chart 1. Investigated dimesogens
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RESULTS AND DISCUSSION


Mesomorphic properties


Mesomorphic properties of the dimesogens were inves-
tigated using Polarizing Optical Microscopy (POM),
Differential Scanning Calorimetry (DSC) and XRD.
Dimesogen 7n6 melts to a chiral smectic C (SmC�) phase
at 125.6 8C and to a N� at 149.8 8C before changing to an
isotropic phase at 176.4 8C. The SmC� phase has been
identified by its characteristic broken fan texture with
dichiralization line and reflecting nature, observed using
POM. Dimesogens 7n8, 7n10 and 7n12 exhibit SmC�,
chiral smectic A (SmA)� and N� phases in the heating and
cooling cycles. In this series it can be seen that decreasing
the methylene spacer between HAB and Ch unit from 12
to 6 stabilizes SmC� phase. Dimesogen containing HAB
linked to CB through an octyl methylene spacer (7n8CN)

Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 878–883
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Figure 2. Dependence of the interlayer distance observed
in SmC� phase of 7n6 with temperature in the cooling cycle
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exhibits SmA and N LC phases. Phase transition
temperature as well as enthalpy changes obtained for
these dimesogens are summarized in Table 1.


For further characterisation of the smectic LC phases
XRD studies have been carried out for the representative
dimesogens 7n6, 7n8 and 7n8CN. Figure 1(a) and (b)
shows the intensity versus diffraction angle profile
extracted from the XRD pattern for 7n6 at 130 and
100 8C, respectively. Two peaks (u1 and u2) were seen at
low angles and a weak diffuse peak was observed at
wider angles. A sharp lower angle peak accompanied by a
diffuse peak at higher angles is characteristic of a smectic
phase in which molecules are stacked into layers with
short range, liquid like positional order within the layers.
The molecular length (L) of 7n6 determined from
molecular model in the extended conformation using
the MM2 (molecular mechanics 2) method was found to
be 47.6 Å. The interlayer spacing (d) obtained from X-ray
diffractogram for u1 at 100 8C is 42.6 Å, which is much
smaller than the molecular length [Fig. 1(b)]. The
momentum transfer vector, q1 at 100 8C equals 0.15 Å.
Here ‘q’ is defined as q¼ 4p sin u/l, which is 2pn/d,
where ‘u’ is diffraction angle, ‘l’ is wavelength¼ 1.54 Å,
‘n’ is an integer and ‘d’ lattice distance. At 100 8C, the
interlayer spacing obtained from XRD diffractogram for
u2 is 21.3 Å (q2¼ 0.30 Å). Ratio of u1 and u2 is found to be
almost 2 at all temperatures and also the relative
intensities of the q1 and q2 were not affected upon
temperature change suggesting that the latter could be the
second harmonic of the fundamental u1.


The smaller d spacing values in conjunction with
striped focal conic textures and also reflecting nature
confirm SmC� phase. Also, as observed for the reported
SmC� phases29 layer spacing at lower temperature was
found to be decreased due to the increase in the tilt angle
(Fig. 2). For 7n6 the layer spacings decreased from 45.4 Å
(q¼ 0.138 Å) to 41.2 Å (q¼ 0.152 Å) on lowering the
temperature.

Figure 1. X-ray diffractograms of 7n6 at (a) 130 8C, SmC�,
(b)100 8C, SmC�, and 7n8CN at (c) 130 8C, SmA, (d)110 8C,
SmA, (e)150 8C, N


Copyright # 2007 John Wiley & Sons, Ltd.

Figure 3 shows the intensity profiles obtained for 7n8 at
different smectic temperatures. From the figure it can be
seen that all smectic phases exhibited Bragg diffraction
peaks in the small-angle region, corresponding to the
layer reflections, and diffuse peaks in the wide angle
region, corresponding to short spacings or interchain
distances. Significant point to be noticed in the XRD
pattern of 7n8 is the presence of two short angle
reflections (u1 and u2) and difference in the ratios of the u1


and u2 upon decrease in the temperature. In the SmA�


phase [Fig. 3(e)] interlayer distances (d) calculated for u1


and u2 are 23.6 Å (q1¼ 0.266 Å) and 46.6 Å
(q1¼ 0.135 Å). The d/L values obtained for u1 and for
u2 are 0.91 and 0.46, respectively, which can be assigned
to monolayer and intercallated arrangements.30 In SmC�


phase the intercalated distance for u1 decreased on
lowering the temperature indicating the increase in the
SmC� tilt angle. Surprisingly in SmC� phase interlayer
spacing (d) corresponding to the second lower angle peak
u2 is observed at 23.6 Å as in SmA� and does not change

Figure 3. X-ray diffractograms of 7n8 at (a) 85 8C, SmC�,
(b)95 8C, SmC�, (c) 105 8C, SmC�, (d)110 8C, SmA�,
(e)125 8C, SmA�
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Figure 5. X-ray diffraction pattern of 7n8 in the chiral
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depending on temperature. It can be speculated that in
SmC� phase short-range SmA� intercalated ordering
co-exists with the monolayer tilted arrangement. Another
important point to note from the XRD diffractogram of
both of SmA� and SmC� phases is the ratio of u1 against u2


which decreased upon heating. At the phase transition
temperature [110 8C, Fig. 3(d)] from SmC� to SmA�


intensities at u1 and u2 become the same. In SmC� phase
also monolayer arrangement (tilted) was found to be more
favourable [Figure 3(a–c)].


The dimesogen 7n8CN exhibits only a sharp peak at
lower angle at a layer distance of 21.8 Å [Figure 1(c–d)] in
the SmA phase. The d/L value was found to be 0.50
confirming the formation of intercalated SmA phase. Even
at the lower temperature, no peak suggesting the monolayer
molecular arrangement was observed for 7n8CN.

nematic phase

Effect of temperature on
reflection wavelength


The molecular ordering of N� LCs in a helical
arrangement induces reflection at the wavelength
satisfying the equation lmax¼ pn, where lmax is the
reflection maximum, p is the pitch of the helix and n is the
refractive index. Pitch length of a N� LC can increase or
decrease with temperature depending on the sign of the
thermal coefficient a, which equals 1/p [dp/dT], where T
is the temperature. When [dp/dT]> 0, pitch length will
increase with increasing temperature and vice versa. In
the present study it has been found that [dp/dT]< 0.
Dimesogen 7n8 exhibits a reflection band at 515 nm at
115 8C, and the reflection band red-shifted to 896 nm
upon cooling to 132 8C (Fig. 4). Change in the reflection
wavelength (Dl) was found to be 381 nm.


We have earlier reported26 on a change of 225 nm in the
reflection wavelength (Dl) with temperature for azo-
benzene linked to Ch with 8 methylene spacers (n8). The

Figure 4. Absorbance spectra of 7n8 at different tempera-
tures.Inset shows the selective reflection wavelength of the
N� phases plotted as a function of temperature


Copyright # 2007 John Wiley & Sons, Ltd.

only difference between n8 and 7n8 is the presence of a
heptyl spacer at the para position of azobenzene.
Dramatic increase of >150 nm in Dl observed in 7n8
compared to n8 could be explained considering enhance-
ment of the short-range translational correlations in the
N� phase due to the smectic inducing effect of the
dialkylazobenzene group. To explore the mechanism of
shift in reflection wavelength in 7n8, XRD studies were
carried out at different temperatures. Figure 5 shows the
X-ray diffractograms obtained for 7n8 at different
temperatures in the N� phase (cooling cycle). X-ray
diffractogram of 7n8 in the N� phase shows low intensity
reflections (short-range translational correlations or
smectic fluctuations) at small angles. As N� phase is
cooled, the smectic fluctuations become more pro-
nounced leading to sharpening of the small-angle peak.
This is clear from Fig. 4 inset, on lowering the
temperature a drastic red-shift in the wavelength was
observed. These studies suggest that the mechanism of
change in reflection wavelength in the dimesogen 7n8
could be due to the variation in low-range smectic
correlations present in the N� phase.


In the case of dimesogens, 7n10 and 7n12 exhibit
changes in reflection wavelength from 523 nm (150 8C) to
713 nm (136 8C); Dl¼ 193 nm and 520 nm (140 8C) to
603 nm (132 8C); Dl¼ 83 nm, respectively. On compari-
son of the Dl values of the azobenzene-cholesteryl
dimesogens which do not have alkyl chains in the para
position, the change in the reflection wavelength appears
smaller. This could be explained by the increasing
methylene spacer stabilizing the smectic phase which
narrows the N� range.

Electro-optical measurements


The tilted smectic LC phases in materials composed of
chiral molecules exhibit spontaneous polarization. In
SmC� phase the direction of polarization is coupled to the
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Figure 6. Oscilloscope traces of the sample current
response and the applied triangular field of 7n6 at
125 8C, 10Hz
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direction of the tilt (azimuthal angle) of the molecules. By
reversing the sign of an applied electric field, the
molecules can be made to switch between two bistable
tilting directions, resulting in an electro-optical effect.
The electro-optical response was measured for a
representative dimesogen 7n6 in the SmC� phase.
Samples were sandwiched between two indium tin oxide
(ITO) coated glass plates. Figure 6 shows the electrical
response of a 9mm cell containing 7n6 in the SmC� phase
under a triangular wave voltage. The frequency was 10 Hz
and the amplitude �100 V. Because of the large viscosity
and large ionic current, polarization inversion current
peak is small and broadened in addition to unclear
discontinuity at voltage inversion points. However, one
current peak based on the polarization inversion is
recorded during a half period suggesting ferroelectric
behaviour. The combined area under the two peaks is a
direct measure of spontaneous polarization (Ps). The
polarization value was determined to be 150 nC cm�2


(at 125 8C). The value of Ps was comparable to the earlier
reported dimeric LCs.29

Light driven phase transitions


Phase transition can be triggered by photochemical
reactions of the LC matrices.2,31 In LC containing
azobenzene derivatives, the rod like shape of the trans

Figure 7. Optical photographs of 7n8CN at 130 8C, in the cooling
30 s using 366 nm light, N phase, and (c) SmA phase regenerate
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form of azobenzenes tends to stabilize the LC phase while
the cis form tends to destabilize it.4,31,32 Thus, trans–cis
photoisomerization of the azobenzene derivatives can
lead to a lowering of the LC to isotropic phase transition
temperature of the mixture. Recently we reported
interesting photoinduced phase transitions observed in
the chiral dimesogenic materials.26,33,34 Here we describe
on the SmA to N light driven phase transition observed in
7n8CN.


Thin layers of dimesogen 7n8CN was sandwiched
between cover slips containing 5mm glass spacers and the
film was heated to the isotropic state and slowly cooled to
130 8C. At this temperature the film showed the focal
conic fan shaped texture characteristic of SmA phase
[Fig. 7(a)]. The film turned nematic on irradiation with
light from a 500 W high-pressure mercury lamp, for 30 s
filtered through a 366 nm filter, which was confirmed by
the presence of nematic schlieren texture as shown in
Fig. 7(b). Photolysis of trans-7n8CNwould lead to partial
isomerization to its cis form. On keeping the irradiated
film of 7n8CN at the same temperature (130 8C), cis to
trans reversal of dimesogen 7n8CN occurred, which
changed the N phase to SmA [Figure 7(c)]. Thermal
reversal was observed to be fast which could be due to the
higher temperature and also less amount of cis isomer
required for the phase transition.

EXPERIMENTAL


Measurements


The high-resolution proton NMR spectra of all the
intermediates and the final compounds have been
recorded in a Varian (300 MHz) spectrometer using
the CDCl3 as the solvent. The optical textures of the
mesophases were observed and identified using the
polarizing optical microscope (Olympus BX 60)
equipped with the hot stage (Mettler, FP82 or FP 90).
Electronic and reflection spectra were recorded on
UV–Vis spectrophotometers (Hewlett-Packard 8453 and
Otsuka Electronics MCPD-1000, respectively). The
phases obtained under polarizing microscope were also
confirmed using differential scanning calorimeter (Seiko

cycle (a) before photolysis SmA phase, (b) after photolysis for
d after thermal cis–trans reversal
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instrument DSC 5200). XRD patterns were obtained
using a Rigaku diffractometer (Type 4037) with type
graded d-space elliptical side-by-side multilayer optics,
monochromated Cu Ka (40 Kv, 30 mA) and imaging plate
(R-axis IV). The samples were put in quartz capillary
tubes (1.5 mm diameter, 0.01 mm wall thickness) and
positioned on a hot stage. The samples were heated to
their isotropic state, subsequently cooled to the meso-
phases and then exposed to a radiation beam for 30 s with
a 150 mm camera length. The N� LC samples of the
dimesogens were prepared by sandwiching the uniform
mixture between two glass plates with temperature
control using a hot stage (Mettler, FP 82 or FP 90). A
high-pressure mercury lamp (Ushio, 500 W) with suitable
glass filters (for irradiation at 366 nm, Toshiba Glass Co.,
UV-35þUVD-36C) was utilized as the irradiating
source. Polarization switching of the dimesogenic
compounds was studied using ITO electro-optical cells
(9mm, 0.16 cm2). The sample was subjected to a
triangular wave profile through a function generator
(WF 1943 A, NF corporation, Japan) and a high voltage
amplifier (HSA 4051, NF corporation, Japan), The
sample response current was measured as a voltage
generated across a 10 kV detection resistor connected in
series with the sample. The profiles were acquired using a
digital oscilloscope (TDS 3012B, Tektronix, Inc.) and
transferred to a PC for further analysis. During the
measurements the sample cells were placed on a hot stage
(Mettler, FP 82 or FP 90).

Materials


The dimesogens investigated in the present study were
prepared as described in the synthesis of related
compounds.26,33,34 These compounds were characterized
based on the analytical and spectral data as illustrated
below:


7n6: 1H-NMR (CDCl3, 300 MHz): d 0.67–2.20 (m),
2.58 (2H, t), 2.69 (2H, t), 4.65 (1H, m), 5.39 (1H, m), 7.22
(2H, d), 7.31 (2H, d), 7.82 (2H, d), 7.93 (2H, d); Anal.
Calcd for C54H80N2O4: C, 78.98; H, 9.82; N, 3.41. Found
C, 78.49; H, 9.68; N, 3.30.


7n8: 1H-NMR (CDCl3, 300 MHz): d 0.66–2.20 (m),
2.58 (2H, t), 2.70 (2H, t), 4.63 (1H, m), 5.37 (1H, m), 7.22
(2H, d), 7.31 (2H, d), 7.81 (2H, d), 7.92 (2H, d); Anal.
Calcd for C56H84N2O4: C, 79.20; H, 9.97; N, 3.30. Found
C, 78.69; H, 9.79; N, 3.18.


7n10: 1H-NMR (CDCl3, 300 MHz): d 0.67–2.20 (m),
2.58 (2H, t), 2.70 (2H, t), 4.62 (1H, m), 5.37 (1H, m), 7.22
(2H, d), 7.30 (2H, d), 7.80 (2H, d), 7.93 (2H, d); Anal.
Calcd for C58H88N2O4: C, 79.40; H, 10.11; N, 3.19.
Found C, 79.43; H, 10.12; N, 3.04.


7n12: 1H-NMR (CDCl3, 300 MHz): d 0.67–2.20 (m),
2.58 (2H, t), 2.70 (2H, t), 4.62 (1H, m), 5.37 (1H, m), 7.22
(2H, d), 7.30 (2H, d), 7.79 (2H, d), 7.90 (2H, d); Anal.

Copyright # 2007 John Wiley & Sons, Ltd.

Calcd for C60H92N2O4: C, 79.60; H, 10.24; N, 3.09.
Found C, 79.33; H, 10.12; N, 3.05.


7n8CN: 1H-NMR (CDCl3, 300 MHz): d 0.96 (3H, t),
1.29–1.79 (22H, alkyl), 2.59 (4H, t), 2.68 (2H, t), 7.19
(2H, d), 7.31 (2H, d), 7.42 (2H, d), 7.58 (2H, d), 7.64 (2H,
d), 7.70 (2H, d) 7.82 (2H, d), 7.92 (2H, d); Anal. Calcd
for C42H47N3O4: C, 76.68; H, 7.20; N, 6.39. Found C,
76.56; H, 7.19; N, 6.32.
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ABSTRACT: A photo-induced fluorescence switch based on a novel mechanism was provided by physically mixed
TPPS (tetra (4-phenylsulfonicacid) porphyrin) and SP (1-(b-carboxyethyl)-3, 3-dimethyl-50-nitrospiro (indoline-2, 20


[2H-1] benzopyran)). The ground state dipole moment of the open form (photomerocyanine, MC) is much larger than
that of SP, thus it can induce the transformation of aggregated TPPS to its monomer, which is confirmed by UV–Vis
absorption spectra, RLS spectra, and fluorescence lifetime. While TPPS aggregate has a fluorescence self-quenching
phenomenon, its fluorescencewas greatly enhanced after the formation of monomer.When the mixture was exposed to
visible light, MC decayed back to SP, and consequently, TPPS monomer aggregated again, which resulted in its
fluorescence turn off. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; spiropyran; switch

INTRODUCTION


Photochromic spiropyran has attracted tremendous
research interests due to its potential application in
information data storage and optical switches.1–5 The
basic principle is light-induced switch between its closed
and open form, which is attended by changes in electronic
properties. Taking advantage of this property, various
fluorescence switches were implemented, and the most
common mechanism exploited is fluorescence resonance
energy transfer (FRET).6,7 Gust et al. have covalently
linked a spiropyran compound to a free-base (PH2)
porphyrin, which has been an active field of research for
several decades because of its involvement in many
reactions of chemical and biological interest,8,9 and found
the fluorescence intensity of porphyrin can be controlled
by light.10 The reason is singlet energy transfer from
porphyrin to the open form of spiropyran moiety, which
results in about 10% quenching of fluorescence emitted
by porphyrin.


This paper reports a novel mechanism of fluorescence
switch, which is based on physically mixed tetra
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(4-phenylsulfonicacid)porphyrin (TPPS) and 1-(b-carboxy
ethyl)-3, 3-dimethyl-50-nitrospiro(indoline-2,20[2H-1]
benzopyran) (SP). TPPS is known to easily aggregate,
and the polar zwitterionic open form of (photomerocya-
nine,MC) SP can induce the transformation of aggregated
TPPS to its monomer, which resulted in the fluorescence
enhancement of TPPS. On the other hand, with the
restoration of SP upon visible light, TPPS aggregated
again, and fluorescence returned back to its self-quenched
state.


EXPERIMENTAL


TPPS were purchased from TCI, and used without further
purification. SP was synthesized according to the
literature.11 A 500W high-pressure mercury lamp was
applied during UV irradiation. The UV–Visible absorp-
tion spectra were measured using a Perkin Elmer Lambda
35UV/Vis spectrophotometer with the solution in quartz
cuvettes having 1 cm pathlength. The steady-state
fluorescence was carried out in a Hitachi F-4500
Fluorospectrometer. RLS spectra were obtained on the
same instrument by synchronously scanning the exci-
tation and emission wavelengths. The time resolved
fluorescence was measured by a HORIBA NAES-1100
time resolved SpectroFluorometer.
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Figure 1. (a) Linear relationship between maximum absorption of MC and Brooker’s parameter; inset is the photochromism of
SP. (b) Fluorescence emission of TPPS in different polar solvents under the same concentration
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RESULTS AND DISCUSSION


The design are based on the following grounds: first, MC
shows negative solvatochromism (i.e., there is blue shift
when the solvent polarity is increased), and good linear
correlation was obtained between maximum absorption
of MC and Brooker’s parameter (Fig. 1a), implying that
the major structure of MC is zwitterionic.11,12 This leads
to the ground state dipole moment of MC increase largely
compared with that of SP.13 Second, TPPS is easy to
aggregate, which induces its fluorescence self-quen-
ching.14 What’s most important is that the fluorescence
intensity of TPPS is dependent on the solvent polarity,
which means the higher the solvent polarity, the stronger
the fluorescence intensity of TPPS is (Fig. 1b). The reason
is that polar solvent is good for the solubility of
water-soluble TPPS. Similarly, it can be anticipated that
the formation of much higher polarMC could enhance the

Figure 2. UV–Visible absorption spectra of the mixture before (s
molecular structure of TPPS


Copyright # 2007 John Wiley & Sons, Ltd.

solubility of TPPS and consequently suppress the
self-quenching phenomenon of TPPS. In addition, when
MC converts back to SP, TPPS aggregates again, and the
fluorescence should be turned off as a result.


Figure 2 displays the UV–Visible absorption spectra of
the mixture in ethanol (the concentration of SP and TPPS
were 8.30� 10�5 and 2.24� 10�5 mol L�1, respectively)
before and after UV irradiation, which is in good
consistency with our expectation. The maximum absorp-
tion for the closed SP is at l¼ 340 nm, and after 15 s UV
irradiation, a new peak centered at l¼ 540 nm appears,
which is due to the zwitterionic MC. According to
previous studies,15 the peak centered at l¼ 415 nm was
attributed to S-band of molecular dispersed TPPS, and its
Q-band is at l¼ 700 nm. Besides that, the characteristic
peak for its J-aggregatewas detected at l¼ 490 nm. It was
obvious that after the formation of MC, the ratio of
monomer to aggregate in terms of absorption intensity

olid line) and after (dashed line) 15 s UV irradiation, and the
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Figure 3. Resonance light scattering spectra of the mixture
before (solid line) and after (dashed line) 15 s UV irradiation


Table 1. The fluorescence lifetimes of TPPS in ethanol at
different concentrations


Concentration (Mol L�1) t (ns) Amplitude


3.23� 10�6 t1¼ 1.20 0.22
t2¼ 10.8 0.78


6.47� 10�6 t1¼ 3.61 0.78
t2¼ 13.7 0.22


9.70� 10�6 t1¼ 3.67 0.91
t2¼ 15.4 0.09


12.9� 10�6 t¼ 4.28 1


The excitation wavelength is l¼ 415 nm and emission is recorded at
l¼ 650 nm.


Figure 4. Emission spectra of the SP and TPPS mixture
before (line 1), after 15 s UV irradiation (line 2), and then
after 15 s visible light irradiation (line 3). All samples were
excited at l¼415nm
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increased from 0.32 to 2.16, indicating the TPPS
conversion from aggregate to monomer.


Resonance light scattering (RLS) results provide
further evidence for the above conversion. It is known
that RLS revealed the existence of excitonically coupled
(delocalized) electronic transition, and thus it is a
valuable technique for detecting and characterizing
extended aggregates of chromophores.16–18 Figure 3
shows the RLS spectra of the mixture before and after UV
irradiation. The stronger RLS signal at l¼ 500 nm is
associated with the J-band, and the weaker RLS intensity
at l¼ 475 nm is ascribed to the H-band transitions. In
contrast to the large scattering before UV irradiation, the
intensity of both the J and H band was reduced to less than
half of its original intensity after UV irradiation, which
implies that the TPPS molecules transformed to a less
aggregated state upon UV irradiation and the correspond-
ing ones were released into the solution.


Aggregate to monomer conversion was also supported
by time resolved fluorescence studies. The mixture in the
closed form of SP displays biexponential decay, and the
major component of the decay (0.79) is the species of
short lifetime (3.6 ns). In contrast, when the mixture was
irradiated with UV light, the major decay (0.70) is the
species of long lifetime (11.2 ns). Though the open form
of SP is luminescent, its decay is within ps time region,10


which cannot be detected under our experimental
conditions (the detection limit is 0.2 ns). Thus, the
biexponential decay species is from TPPS and is not
related to SP. This change is in accordance with the
following experimental results. As mentioned above, it is
easy for porphyrin to aggregate and increasing concen-
tration means more TPPS in the aggregated state. As can
be seen in Table 1, with the increase of concentration, the
shorter lifetime species gradually dominates. Therefore,
the long lifetime one corresponds to the monomer of
TPPS, while the short lifetime species is associated with

Copyright # 2007 John Wiley & Sons, Ltd.

aggregate ones.15Accordingly, it is due to disassembling
of TPPS aggregate, the lifetime of excited state was
prolonged after UV irradiation.


So far, we can conclude with confidence that the MC
can induce the monomer formation of TPPS from
aggregate as expected. The results of Fig. 4 show the
fluorescence spectra of the mixture before and after UV
irradiation. Apparently, before UV irradiation, the
fluorescence intensity of TPPS is very small due to
aggregation-induced fluorescence self-quenching as
mentioned above. After UV irradiation, however, the
emission at l¼ 650 nm is enhanced as large as more than
three times. Furthermore, when the mixture was
irradiated by visible light, the emission intensity came
back to that before UV irradiation. In addition, the flu-
orescence change (70%) is much larger than the one
reported by Gust (10%). Thus, this behavior can be
applied as a fluorescence switch.


Concentration effect was further investigated to gain
more insight into the system. When the concentration of
TPPS was less than a certain value (1.00� 10�5 mol L�1),
TPPS were molecularly dispersed even at SP form. On the
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other hand, when it was larger than 1.00� 10�4 mol L�1,
the transformation between MC and SP was largely
suppressed with increasing TPPS concentration. Thus,
8.30� 10�5 mol L�1 is an optimized value, wherein the
transformation is efficient between aggregate and mono-
mer, that is, the fluorescence change is the largest.
Considering that the concentration for SP (8.30� 10�5


mol L�1) is nearly three times higher than that for TPPS,
SP can be regarded as a solvent. Consequently, the
interaction between MC and TPPS is similar to the
interaction between a solvent and its solute, which is
essentially responsible for the MC-induced transform-
ation between monomer and aggregate.

CONCLUSION


In summary, a fluorescence switch was elaborately
designed and realized in the mixture of TPPS and SP,
and the working principle is interconversion of TPPS
between aggregate and monomer, induced by the
photochromic reaction of SP and MC. It is a novel
mechanism which is different from the one reported by
Gust. What’s more, the fluorescence change (70%) is
much larger than the one reported by Gust (10%).
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ABSTRACT: 1,2-Bisthienylperfluorocyclopente
11-aminoundecanoic acid have been designed to
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nes covalently linked to two aggregative side-arms derived from
self-assemble leading to the formation of supramolecular gels which


could be reversibly and independently revealed or suppressed upon acidity, temperature changes and also light
irradiation. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


The reversible organo- and/or hydrogelation phenomenon
exhibited by low-molecular weight molecules (LMOGs)
is the subject of increasing attention.1 This class of
compounds is able to self-assemble into supramolecular
fibrous aggregates that in turn crosslink, thus entrapping
solvent molecules within three-dimensional networks.
The unique chemical and physical properties of these
materials have paved the way to fascinating nanostruc-
tured materials such as nanotubules of silica.2 However, it
remains a challenging task to design smart gels whose
formation could be simultaneously or alternatively
controlled by external stimuli such as heat, acidity,
electric fields and/or light. Of external changes, light has
the advantage of providing stimulus to specific chromo-
phores in the molecules by selective-wavelength irradia-
tion. In that connection, Zinic et al. recently reported an
irreversible photochemically induced gelation system
based on cis–trans photoisomerization of fumaride
derivatives.3 Anthracene-containing binary gelators4


and naphthopyran-based gelators5 have also been fruit-
fully designed as photoresponsive LMOGs, nevertheless
for both approaches the gels can only be transformed into
sol upon irradiation the back reaction being thermally

to: J.-L. Pozzo, University Bordeaux1, UMR CNRS
Sciences Moléculaires, F-33405 Talence, France.
ism.u-bordeaux1.fr


7 John Wiley & Sons, Ltd.

induced. As diarylethene constitute a peculiar class of
molecular photoswitches that can undergo reversible
electrocyclization between their colourless ring-open and
coloured ring-closed forms when irradiated with appro-
priate wavelengths of light.6 Because of excellent fatigue
resistance, thermal stability in both isomeric forms,
solid-state photoreactivity and high photochemical
quantum yield, these molecules constitute obviously
powerful candidates to photoswitch in both directions
between sol and gel phases.7 Indeed, the photochromic
reactions of 1,2-bis-thienylcyclopentenes functionalized
with two amide groups have been reported to largely
influence the medium viscosity.8 Nevertheless incorp-
oration of diarylethene does not guarantee photoswitch-
able macroscopic phase transition as reported recently in
two very elegant studies. In fact these derivatives cova-
lently linked to a chiral moiety have been shown to
reversibly control supramolecular chirality switching
between different chiral aggregates in the gel phase,9 and
multi-switchable cholesterol-based gelators have been repor-
ted to be photochromic without any phase changes.10


Various compounds based on 11-aminoundecanoic acid,
hereafter denoted AUDA, have been shown to act as
potent organogelators or hydrogelators, furthermore the
presence of a sodium carboxylate has been exploited to
alter the self-assembling process and thus to largely
modify the gel formation upon acidic conditions.11 As an
attempt to obtain new functional organogelators with
multiple-switch applications, we have rationally designed

J. Phys. Org. Chem. 2007; 20: 888–893







Scheme 1. Rationally designed dithienylethenes substituted by two AUDA arms
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photochromic organogelators based on bis-thienylper-
fluorocyclopentenes containing two AUDA aggregative
side-arms (Scheme 1).

RESULTS AND DISCUSSION


In the present study, amide and urethane groups have been
selected as bridging units between the photoresponsive
and aggregative parts as these H-bonding groups do not
prevent the gel formation when sterically demanding
groups are connected to AUDA unit.10 A classic peptide-
coupling procedure using DCC, DMAP and methyl
11-aminoundecanoate was used to synthesize 1,2-bis[50-
(1000-carboxyldecylcarbamoyl)-20-methylthien-30-yl]
perfluorocyclopentene 1-H starting from the previously
described photochromic compound 5 bearing two carbo-
xylic functions,12 the resulting ester 6 being subsequently
saponified under mild conditions using lithium hydroxide
(Scheme 2). Diacid 2-H was synthesized in a three
step-procedure starting from 1,2-bis(5-formyl-2-
methylthien-3-yl)perfluorocyclopentene 7.13 This dialde-
hyde was reduced with sodium borohydride in corre-
sponding dihydroxymethyl derivative 8 which sub-
sequently condensed with an appropriate isocyanate to
yield a urethane derivative 9 which was converted by
saponification into 1,2-bis[5-(10-carboxydecylcarbamoy-
loxymethyl)-2-methylthien-3-yl] perfluorocyclopentene
2-H (Scheme 3). Compounds 1-H and 2-Hwere obtained,
respectively, in 18 and 57% overall yield.


Neutral dicarboxylic derivatives 1-H and 2-H failed to
gel any investigated fluids, on the contrary their
corresponding disodium salts 1-Na and 2-Na easily

Scheme 2. Synthetic route for 1-H and 1-Na
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obtained upon basic treatment could be considered as
supergelators.14 Indeed, the gel-to-sol phase transition
temperature of DMF gel using a 1%wt/v concentration of
2-Na (1.08� 10�2M) is as high as 120 8C, andmillimolar
range of concentrations of the prepared organogelators is
efficient enough to gelify DMSO and DMF. For instance a
0.095% wt/v (10�3M) 2-NaDMF gel melts at 30 8C. The
gels obtained are translucent and stable for months. These
outstanding gelling abilities are restricted to aprotic polar
solvents as these disodium salts can be dissolved in
various alcohols and water, and are totally insoluble in
apolar organic fluids. The minimum gelation concen-
trations for 1-Na and 2-Na are collected in Table 1 and the
gel-to-sol phase transition temperatures along concen-
tration variation are depicted on Fig. 1. 1-H and 2-Hwere
found to be very soluble in DMF and DMSO at ambient
temperature. Upon addition of sodium hydroxide, they
rapidly convert to the gel state which can in turn be
transformed into sol upon acidic addition. As the targeted
AUDA derivatives act as potent LMOG, this cycle can be
repeated several times before dilution will dramatically
change the macroscopic properties. Gels arising from
LMOGs are intrinsically thermoswitchable, here they
also respond to environmental variations of acidity by
reversibly transcripting the molecular modification to the
supramolecular level.


When methanol solutions of 1-Na and 2-Na were
irradiated with 313 nm light absorption increased,
respectively, at 569 nm and 517 nm and reached by
3min a photostationary state6 that consisted of a mixture
of ring-open and ring-closed forms, respectively, denoted
3-Na and 4-Na. When prolongated irradiation time (4 h)
were used, any further increase of closed forms was
detected, furthermore elucidation of 1HNMR spectrum of
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Scheme 3. Synthetic route for 2-H and 2-Na


Table 1. Minimum gel concentrationa at 30 8C


Compounds DMF DMSO


1-Na 1.45 (1.7) 7.58 (8.7)
2-Na 0.95 (1) 6.56 (7.1)


aIn g L�1 (gelator/liquid); in parentheses in mM.


Figure 1. Tgel of disalt 2-Na as a function of organogelator
concentration: (^) in DMF; (*) in DMSO
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the resulting mixture showed the presence of 2-Na, 4-Na
and a tricyclic by-product 10 (Scheme 4) in a 7:2:1
ratio.15 When diluted DMF and DMSO (0.2mM)
solutions are exposed to UV-light, similar large absorp-
tion bands are obtained whose maxima do not exhibit any

Scheme 4. Tricyclic by-product 10
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significant shift. When gels are irradiated, superimpo-
sable maxima have been found for DMSO and DMF, and
more interestingly this transformation is accompanied by
the gel-to-sol phase transition within 3min. The absorp-
tion intensity of the photoinduced sols is noticeably lower
in comparison to expected values. This indicates that
some photochromic units are still embedded within small
remaining aggregates. In both solvents macroscopic
gelation could be photodisrupted. For further investi-
gation DMF was chosen because of the excellent stability
of the translucent gel and the minimum gelation
concentration (ca 1mM). UV-irradiation (l> 530 nm)
of the photoinduced sols gave rise to the photocyclor-
eversion to reform 2-Na, which in turn gave birth to the
gel phase. This represents one of the rare examples of a
gel-to-sol phase transition that could be photoswitched in
both directions using appropriate wavelength (Scheme 5).
Pictures of the three steps of one cycle is depicted in
Fig. 2. Sequential alternating UV/Visible light irradiation
have been performed and resulting Tgel values have been
found to decrease as a function of number of cycles. This
phenomenon could not be ascribed neither to photo-
degradation, as the initial Tgel value was recovered by
simply heating and then cooling the uncoloured phase,
and nor to lowered photochemical electrocyclization
process efficiency as totally uncoloured gels are
reformed. Visible irradiation leads to a ring-opening
process which is only accompanied by a partial
reorganization of the network. Total reformation of a
three-dimensional network of numerous fibres that
composed a physical gel is usually thermally achieved
except for thixotropic gels.16 In that connection,
additional experiments based on mixing photochromic
gelators and simple-related compounds will be under-
taken in an attempt to overcome these limitations. This
macroscopic behaviour has also been characterized at the
supramolecular level using AFM technique. Non-
irradiated sample show the presence of numerous bundle
of fibrillar aggregates whereas the area irradiated through
a mask with UV light gave typical answer of solvents
(Fig. 3). This is an additional evidence that the molecular
event induces the supramolecular rearrangement of these
promising nanostructured materials.
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Scheme 5. Self-assembled supramolecular aggregates controlled by molecular changes induced by light and acidity


Figure 2. Photocontrolled Gel-to-sol phase transition of
2-Na DMF gel/4-Na sol. (Left: 2-Na before irradiation,
middle: 4-Na sol and right: photoregenerated 2-NaDMF gel)
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CONCLUSION


In conclusion, we demonstrated that acid- and photo-
responsive organogelators can be readily obtained from
the combination of a P-type photochromic dithieny-
lethene and a versatile aggregative unit derived from a
synthetic amino acid. As expected, the multi-addressable
molecular switches operate at supramolecular scale, the
phase changes among gel and sol being independently
driven by acidity, light and temperature. Of particular
interest for organogelator material science are such smart

Figure 3. AFM height images of native (left) and partially irrad
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gels which may pave the way to new multi-responsive
sensor materials.


EXPERIMENTAL


Photochromic measurements (UV-visible) were per-
formed in methanol, DMF and DMSO solution of
spectrometric grade (Aldrich) at 20 8C. The analysis
cell (optical pathlength 1 cm) was placed in a thermo-
stated copper block with magnetic stirring inside the
sample chamber of a Beckman-DU-7500-diode-array
spectrometer. Flash column chromatography was per-
formed on silica gel (Merck 40–63mm). Melting points
were determined on an Electrothermal Eng. Ltd melting
point apparatus and are uncorrected. 1H and 13C NMR
spectra were determined on a Bruker AC 250 NMR
spectrometer with CDCl3 or DMSO-d6 as a solvent and
TMS as an internal standard (d¼ 0 ppm). UV-visible
measurements were performed using a Hitachi U-3300
spectrophotometer. FT-IR measurements were performed
using a Perkin Elmer Paragon 1000 instrument. Mass
spectra were recorded on a VG AutoSpec apparatus using
electronic impact at 70 eV. MALDI-MS spectra were
recorded in the positive mode by using a
2,5-dihydroxy-benzoic acid in dioxane as matrix.
Microanalyses were determined in the microanalytical
laboratory at the CNRS, Vernaison. AFM was performed
using TappingMode (Nanoscope IIa, Digital Instruments,
Inc.) with a pyramidal Si3N4 tip.

iated (on top) with 313 nm UV light 2-Na DMF gel (right)
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PREPARATION OF COMPOUNDS


1,2-Bis{5(-[10((-(methoxycarbonyl)-
decylcarbamoyl]-2(-methylthien-3(-
yl}perfluorocy-clopentene (6)


A mixture of (5) (500mg, 1.1mmol) and triethylamine
(1.0 g, 9.9mmol) were dissolved in 30ml dry THF under
nitrogen atmosphere. Then DMAP (50mg, 0.4mmol) and
DCC (600mg, 3mmol) were added. The mixture was
stirred at room temperature overnight. N,N-dicyclo-
hexylurea was collected by filtration, and the filtrate
was concentrated under reduced pressure. The residue
was then chromatographed on silica gel with dichlor-
omethane/ethyl acetate (10:1) as eluent to afford 364mg
of 1,2-bis{50-[1000-(methoxycarbonyl)-decylcarbamoyl]-
20-methylthien-30-yl}perfluorocyclopentene (6) in 35%
yield. 6: mp 113.3–115.7 8C. 1HNMR (CDCl3, 300MHz)
d 7.40 (s, 2H), 5.98 (s, 2H), 3.66 (s, 6H), 2.05 (q, J¼ 6.4,
7.1Hz, 4H), 2.30 (t, J¼ 7.5Hz, 4H), 1.91 (s, 6H),
1.65–1.50 (m, 8H), 1.40–1.20 (m, 24H); 13C NMR
(CDCl3, 300MHz) d 173.4, 159.9, 145.2, 136.8, 126.0,
124.0, 50.4, 39.2, 33.1, 28.6, 28.4, 28.3, 28.2(2C), 28.1,
25.9, 23.9, 13.8; 19F NMR (CDCl3, 200MHz) d �110.3,
�132.0; MALDI-MS. m/z 873.2 [MþNaþ].


1,2-Bis[5(-(10((-carboxy-decylcarbamoyl)-
2(-methylthien-3(-yl]perfluorocyclopentene
(1-H)


Ester (6) (115mg, 0.13mmol) was dissolved in 15ml
ethanol and then was added to a solution of lithium
hydroxide (37mg, 1.54mmol) in 10ml water. The mixture
was stirred at room temperature overnight. The solution
was acidified to pH 5 with 1N hydrochloride solution and
stirred for 2 h. The product was extracted with dichlor-
omethane and dried over Na2SO4 and evaporated in
vacuum to yield a light red residuewhich was subsequently
purified by flash column chromatography with 10%
methanol in ethyl acetate to afford 56mg of 1,2-bis[50-
(1000-carboxy-decylcarbamoyl)-20-methylthien-30-yl]
perfluorocyclopentene (1-H) in 52% yield as a light
yellow viscous oil. 1-H: 1H NMR (DMSO-d6, 300MHz) d
11.99 (br, 2H), 8.62 (s, 2H), 7.83 (s, 2H), 3.20 (m, 4H),
2.21 (m, 4H), 1.87 (s, 6H), 1.55–1.40 (m, 8H), 1.35–1.10
(m, 24H); 13CNMR (DMSO-d6, 300MHz) d 174.4, 159.9,
146.0, 138.9, 126.6, 124.1, 54.8, 33.6, 28.9 (2C), 28.8,
28.7 (2C), 28.5, 26.4, 24.4, 14.2; 19F NMR (DMSO-d6,
200MHz) d �109.8, �131.5; MALDI-MS. m/z 845.5
[MþNaþ].


1,2-Bis[5(-(10((-carboxy-decylcarbamoyl)-2(-
methylthien-3(-yl]perfluorocyclopentene
disodium salt (1-Na)


Diacid 1-H (53mg, 0.064mmol) dissolved in 5ml
methanol was added to 129mg of a 1N sodium hydroxide

Copyright # 2007 John Wiley & Sons, Ltd.

solution. The mixture was stirred at room temperature for
2 h. Then the solvent was removed under vacuum. The
product was washed with dichloromethane and diethyl
ether and dried to yield 54mg of the disodium salt (1-Na)
in 96% yield as a white solid. 9: mp 232.3(decom.) 8C.
1H NMR (CD3OD, 250MHz) d 7.74 (s, 2H), 3.32 (m,
4H), 2.14 (t, J¼ 7.5Hz, 4H), 1.92 (s, 6H), 1.70–1.50 (m,
8H), 1.40–1.20 (m, 24H); 19F NMR (CDCl3, 200MHz) d
�112.0, �133.8; FT-IR (KBr-cast): 3315, 2925, 2853,
1628, 1564, 1442, 1420, 1339, 1304, 1275, 1194, 1141,
1113, 1052, 987.

1,2-Bis(5(-hydroxylmethyl-2(-
methylthien-3(-yl)perfluorocyclopentene (8)


To a solution of 7 (100mg, 0.24mmol) in 20ml
ice-cooled methanol, NaBH4 (18mg, 0.48mmol) was
added. The mixture was stirred for 2 h, ice water was then
added to quench the reaction and the product was
extracted with dichloromethane and dried over Na2SO4.
Removal of the solvent gave a light red crude product
which was subsequently purified by flash column
chromatography with 10:1 dichloromethane/methanol
as eluent to afford 94mg of 1,2- bis(50-hydroxylmethyl-
20-methylthien-30-yl)perfluorocyclopentene (9) in 95%
yield as a white powder. 9: mp 132.7–133.7 8C. (reference
mp: 125–128 8C) 1H NMR (CDCl3, 250MHz) d 6.95 (s,
2H), 4.75 (s, 4H), 1.88 (s, 6H); 13C NMR (DMSO-d6,
300MHz) d 149.7, 145.2, 127.7, 127.3, 62.5, 18.5; 19F
NMR (CDCl3, 200MHz) d �110.2, �132.0; MALDI-
MS. m/z 474 [Mþ2Naþ]. Anal. Calcd for C17H14F6O2S2:
C, 47.66; H, 3.29. Found: C, 47.67; H, 3.37.

1,2-Bis{5(-[10((-(methoxycarbonyl)-
decylcarbamoyloxymethyl]-2(-methylthien-
3(-yl}perfluorocyclopentene (9)


A mixture of 8 (0.52 g, 1.2mmol) and triethylamine
(1.0 g, 9.9mmol) were dissolved in 20ml dry THF under
nitrogen atmosphere. Methyl 11-isocyanatoundecanoate
(2.3 g, 9.5mmol) was added and the reaction mixture was
refluxed for 24 h. The solvent was evaporated to give a
light red oil residue. The residue was dissolved in 20ml
dichloromethane, then 50ml of water was added and the
mixture was stirred overnight. The water layer was
extracted with dichloromethane. The combined organic
layer was dried over Na2SO4 and concentrated.
The product was then chromatographed on flash column
with 0.5% methanol in dichloromethane as eluent
to afford 864mg of 1,2-bis{50-[1000-(methoxycarbonyl)-
decylcarbamoyloxymethyl]-20-methylthien-30-yl}per-
fluorocyclopentene (9) in 85% yield. 1H NMR (CDCl3,
250MHz) d 7.00 (s, 2H), 5.12 (s, 4H), 4.75 (m, 2H), 3.67
(s, 6H), 3.17 (m, 4H), 2.30 (t, J¼ 7.6Hz, 4H), 1.85 (s,
6H), 1.64–1.40 (m, 8H), 1.35–1.2 (m, 24H); 13C NMR
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(CDCl3, 400MHz) d 174.6, 155.2, 143.4, 137.4, 127.6,
124.6, 60.8, 51.7, 41.4, 34.3, 30.2, 29.7, 29.6, 29.5(2C),
29.4, 26.9, 25.2, 14.6; 19F NMR (CDCl3, 200MHz) d
�110.3, �132.1; MALDI-MS. m/z 933.4 [MþNaþ].
Anal. Calcd for C43H60F6N2O8S2: C, 56.69; H, 6.64; N,
3.07. Found: C, 57.10; H, 6.92; N, 3.23.

1,2-Bis[5(-(10((-carboxy-
decylcarbamoyloxymethyl)-2(-methylthien-
3(-yl]perfluoro-cyclopentene (2-H)


Ester 9 (674mg, 0.74mmol) was dissolved in 35ml
ethanol, and then was added to a solution of lithium
hydroxide (700mg, 29.2mmol) in 25ml water. The
mixture was stirred at room temperature overnight. The
solution was acidified to pH 5 with 1N hydrochloride
solution and stirred for 2 h. The product was extracted
with dichloromethane and dried over Na2SO4 and
evaporated in vacuum to yield a light red residue which
was subsequently purified by flash column chromatog-
raphy with 4% methanol in dichloromethane to afford
460mg of 1,2-bis[50-(1000-carboxy-decylcarbamoyloxy-
methyl)-20-methylthien-30-yl]perfluorocyclopentene (2-H)
in 70% yield as a light yellow viscous oil. 1H NMR
(CDCl3, 250MHz) d 7.00 (s, 2H), 5.12 (s, 4H), 4.81 (m,
2H), 3.18 (m, 4H), 2.11 (m, 4H), 1.87 (s, 6H), 1.73–1.40
(m, 8H), 1.4–1.2 (m, 24H); 13C NMR (CDCl3, 300MHz)
d 156.4, 143.5, 137.5, 127.7, 124.7, 61.0, 41.5, 30.2, 30.1,
29.7, 29.6, 29.5(2C), 29.3, 27.0, 25.0, 14.7; 19F NMR
(CDCl3, 200MHz) d �110.3, �132.1; MALDI-MS. m/z
905.2 [MþNaþ].

1,2-Bis[5(-(10((-carboxy-
decylcarbamoyloxymethyl)-2(-methylthien-
3(-yl]perfluorocy-clopentene disodium salt
(2-Na)


Diacid 2-H (190mg, 0.21mmol) dissolved in 10ml
methanol was added to 418mg of 1N sodium hydroxide
solution. The mixture was stirred at room temperature for
2 h. Then the solvent was removed under vacuum. The
product was washed with dichloromethane and diethyl
ether and dried to yield 192mg of the disodium salt
(2-Na) in 96% yield as a white solid. 2-Na: mp 206.3 8C

Copyright # 2007 John Wiley & Sons, Ltd.

(decom.). 1H NMR (CD3OD, 300MHz) d 7.08 (s, 2H),
5.14 (s, 4H), 3.09 (m, 4H), 2.15 (t, J¼ 6.3Hz, 4H), 1.86
(s, 6H), 1.70–1.40 (m, 8H), 1.40–1.20 (m, 24H); FT-IR
(KBr-cast): 3341, 2919, 2840, 1698, 1565, 1462, 1442,
1417, 1339, 1270, 1191, 1157, 1137, 1113, 1049, 985.
Anal. Calcd for C41H54F6N2Na2O8S2: C, 53.12; H, 5.87;
N, 3.02; Na, 4.96. Found: C, 52.94; H, 6.03; N, 2.98; Na,
4.64.
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ABSTRACT: Dithiazolylethenes 1a and 2a having 4- or 3-pyridyl groups and 3a having N-methylpyridinium groups
at thiazole rings were prepared and their photochromic performance was examined. Upon irradiation with 313 nm light
the colorless acetonitrile solutions of 1a and 2a turned violet, which show the absorption maxima at 538 and 530 nm,
respectively. The violet color is due to the closed-ring isomers 1b and 2b. The violet color disappeared upon irradiation
with visible light (l> 480 nm). When the pyridine rings were converted to N-methylpyridinium ions, the colorless
acetonitrile solution of 3a turned blue (lmax¼ 596 nm) upon irradiation with 365 nm light. The absorption maximum
of the closed-ring isomer 3b showed a bathochromic shift as much as 58 nm relative to the maximum of 1b. In
methanol 3a changed to green (lmax¼ 750 nm) upon irradiation with 365 nm light. It was suggested J-aggregates of 3b
are formed in methanol. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; diarylethene; pyridyl group; N-methylpyridinium group

INTRODUCTION


Photochromic compounds have attracted much attention
because of their potential applications to optical memory
media and photo-optical switching devices.1 Among
various types of photochromic compounds diarylethenes
with heterocyclic aryl groups, such as thiophene or ben-
zothiophene groups, are the most promising candidates
for the applications because of their fatigue-resistant and
thermally irreversible photochromic performance.2 Sev-
eral attempts have been reported to provide water-soluble
property to diarylethenes.3–7 When sulfonyl substituents
are introduced to the aryl groups, they show photo-
chromic performance even in aqueous solution.3


1,2-Bis(5-phenyl-2-methyl-3-thienyl)perfluorocyclopen-
tene having N-methylpyridinium groups at the para-
positions of the phenyl rings exhibits a photochromic
reaction in acetonitrile and methanol.4,8 Dithiazoly-
lethene9,10 has an isoelectronic structure as dithienyl-
ethene and also exhibits the thermally irreversible and
fatigue-resistant photochromic reaction. Recently, a
dithiazolyl-ethene 10a having 2-pyridyl group at
2-position of both thiazole rings has been synthesized.11


In this paper, we have prepared dithiazolylethene deri-
vatives 1a and 2a having 4- or 3-pyridyl groups and

to: M. Irie, Department of Chemistry, Rikkyo Uni-
bukuro 3-34-1, Toshima-ku, Tokyo, 171-8501, Japan.
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examined their photochromic performance. We have also
synthesized dithiazolylethene 3a having N-methylpyri-
dinium groups and examined the photochromic reaction
(Scheme 1).

RESULTS AND DISCUSSION


5-Methyl-2-(40-pyridyl)thiazole 4 and 5-methyl-2-(30-
pyridyl)thiazole 7 were prepared by palladium-catalyzed
tandem C—H substitution.12 Bromination of 4 and 7 was
performed with bromine in a mixed solvent of acetonitrile
and chloroform according to the reported method.11


Synthesis of 1,2-bis[5-methyl-2-(40-pyridyl)-4-thiazolyl]
perfluorocyclopentene 1a was carried out by the reaction
of 4-bromo-5-methyl-2-(40-pyridyl)thiazole 5 with mono-
substituted perfluorocyclopentene 6 at �100 8C in a
mixed solvent of THF and ether according to the
procedure for dipyrrolylperfluorocyclopentene.13 1,2-Bis-
[5-methyl-2-(30-pyridyl)-4-thiazolyl]perfluorocyclopentene
2a was also synthesized by the similar method.13


Compounds 1a and 2a were purified by GPC and HPLC.
These structures were confirmed by 1H NMR, mass
spectra, and elemental analysis (Scheme 2). The hexane
solutions of 1a and 2a were irradiated with UV light and
the photoproducts were isolated using HPLC.


The absorption spectral changes of 1 (1.02� 10�5 mol)
and 2 (7.80� 10�6 mol) in acetonitrile are shown in
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Figs 1a and 1b. Upon irradiation with 313 nm light, the
colorless solutions of 1a and 2a turned violet, in which
visible absorption bands were observed at 538 nm (e¼
10 100 M�1 cm�1) and 530 nm (e¼ 11600 M�1 cm�1),
respectively. The violet color is due to the closed-ring
isomers 1b and 2b. When the violet solutions were
irradiated with visible light (l> 480 nm), the spectra
readily returned back to the original ones. The conversions
in the photostationary state were 94 and 90%, respectively.

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

The photocyclization and cycloreversion quantum yields
were measured in acetonitrile using 1,2- bis[5-methyl-
2-(20-pyridyl)-4-thiazolyl]perfluorocyclopentene 10a as
a reference.11 The photocyclization quantum yields
(313 nm) of both 1a and 2a were determined to be 0.20
and 0.19, which are similar to that of 10a (0.17).11 The
photocycloreversion quantum yields of 1b and 2b were
determined to be 0.039 and 0.037, respectively. These
values are also similar to that of 10b (0.035).11 Table 1
summarizes the quantum yields, the absorption maxima,
and absorption coefficients of the open- and closed-ring
isomers 1, 2, and 10 in acetonitrile. It was found the
absorption maximum of 10b having 2-pyridyl groups is
slightly red-shifted in comparison with that of 1b and 2b
having 4- or 3-pyridyl groups.


Methylation of the pyridine ring was easily performed
for 1a by treating with methyl iodide in dichloromethane
(Scheme 2). Methylation for 2a and 10a was failed.
Figure 2 shows the orbital profiles of HOMO based on
PM3 calculation.14 Electron density on N-position of
5-methyl-2-(40-pyridyl)thiazole 4 is significantly larger

2
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Figure 1. Absorption spectral changes of 1 (1.02�
10�5mol) (a) and 2 (7.80�10�6mol) (b) in acetonitrile by
photoirradiation: (dashed line) open-ring isomer, (solid line)
closed-ring isomer, and (dotted line) in the photostationary
state under irradiation with 313 nm light
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than that of 5-methyl-2-(20-pyridyl)thiazole or
5-methyl-2-(30-pyridyl)thiazole 7. This indicates that
electron density of N-positions of 1a is larger than that
in 2a or 10a. The electron density difference on the

Table 1. Absorption maxima and coefficients of the open- and c
quantum yields in acetonitrile


lmax/nm (e /M�1 cm�1) Fa! b lmax/


1a 303 (31 300) 0.20 (313 nm) 1b 5
2a 301 (31 600) 0.19 (313 nm) 2b 5


10a 310 (40 000)a 0.17 (313 nm)a 10b 5


a Ref. 11.


Copyright # 2007 John Wiley & Sons, Ltd.

N-positions can explain the difference in reactivity for
these compounds.


Figure 3a shows the absorption spectral changes of 3a
in acetonitrile. Upon irradiation with 365 nm light, the
colorless solution of 3a turned blue, showing an
absorption maximum at 596 nm. The blue color is due
to the closed-ring isomer 3b. The absorption maximum of
3b showed a bathochromic shift as much as 58 nm relative
to the maximum of 1b. Similar absorption spectrum
(lmax¼ 590 nm) was also observed in aqueous solution.
As can be seen in Fig. 3b, the methanol solution of 3a
changed from colorless to green upon irradiation
with 365 nm light and a new band appeared at 750 nm.
The absorption maximum exhibits a dramatically large
red-shift in comparison with that observed in acetonitrile
and water. Although the intensity of the green or
blue color decreased by irradiation with visible light
(l> 480 nm), the absorption spectra did not return back to
the original one. This suggests that some side-reactions
take place in the reverse process.


When the blue-color photoproduct obtained in
acetonitrile was added to methanol, the color changed
to green. This indicates that the photogenerated products
in both solutions are the same. The extremely red-shifted
and narrow absorption band suggested formation of
J-aggregates of 3b in methanol. The absorption at 750 nm
gradually decreased and a new absorption appeared at
600 nm in 24 h. This suggests that the J-aggregates of 3b
are thermodynamically unstable and convert to stable
products.

CONCLUSION


Dithiazolylethenes 1a, 2a, and 3awere synthesized. Upon
irradiation with 313 nm light, the colorless acetonitrile
solutions of 1a (lmax¼ 538 nm) and 2a (lmax¼ 530 nm)
turned violet. Photochromic properties of 1a and 2a
having 4- or 3-pyridyl groups are similar to that of 10a
having 2-pyridyl groups. Upon irradiation with 365 nm
light, the colorless acetonitrile solution of 3a turned blue
(lmax¼ 596 nm). On the other hand, the methanol
solution of 3a changed to green (lmax¼ 750 nm) upon
irradiation with 365 nm light. The red-shifted narrow
visible absorption band suggested formation of
J-aggregates of 3b in methanol.

losed-ring isomers of dithiazolylethenes 1, 2, and 10 and the


nm (e/M�1 cm�1) Fb! a Conversion (313 nm)


38 (10 100) 0.039 (538 nm) 0.94
30 (11 600) 0.037 (530 nm) 0.90
45 (12 700)a 0.035 (545 nm)a 0.90a
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Figure 2. PM3 calculation of HOMO for 5-methyl-2-(40-pyridyl)thiazole 4 (left), 5-methyl-2-(20-pyridyl)thiazole (middle), and
5-methyl-2-(30-pyridyl)thiazole 7 (right)
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EXPERIMENTAL


General remarks


1H NMR spectra were recorded on a Varian Gemini 200
instrument. Mass spectra were taken with a Shimadzu
GCMS-QP5050A gas chromatography-mass spec-
trometer. Absorption spectra were measured with a
Hitachi U-3500 absorption spectrophotometer. Photo-
irradiation was carried out using USHIO 500-W super
high-pressure mercury lamp or an USHIO 500-W xenon

Figure 3. Absorption spectral changes of 3a in acetonitrile
(a) andmethanol (b) solutions by photoirradiation: (solid line)
open-ring isomer 3a, and (dotted line) closed-ring isomer 3b
under irradiation with 365 nm light for 10 s


Copyright # 2007 John Wiley & Sons, Ltd.

lamp. Monochromatic light was obtained by passing the
light through a combination of a Toshiba band-pass filter
(UV-D33S) or sharp cut filter (Y-48) and monochromator
(Ritsu MC-10N). Melting points were not corrected.

Materials


1,2-Bis[5-methyl-2-(20-pyridyl)-4-thiazolyl]perfluorocy-
clopentene 10a was prepared according to method
reported previously.11 Solvents of spectroscopic grade
were purified by distillation before use. All reactions were
monitored by thin-layer chromatography carried out on
0.2 mm Merck silica gel plates (60F-254). Column
chromatography was performed on silica gel (Merck,
70–230 mesh).

5-Methyl-2-(4(-pyridyl)thiazole (4)15


To a solution of 5-methylthiazole (10 g, 99 mmol),
4-iodopyridine (10 g, 50 mmol), PdCl2(PPh3)2 (4 g,
4.7 mmol), and CuI (500 mg, 2.63 mmol) in dry DMSO
(250 ml) 100 ml of TBAF (1 M THF solution, 100 mmol)
was added under an argon atmosphere. The resulting
solution was degassed via five freeze-pumo-thaw cycles
and heated in an oil bath (65 8C). The solution was stirred
at that temperature for 4 days and then distilled water was
added. The product was extracted with diethyl ether, dried
with MgSO4, and concentrated under reduced pressure.
The residue was purified by column chromatography
(ethyl acetate/hexane¼ 1:1) to afford to 1.8 g (20%) of 4
as a colorless solid: 1H NMR (CDCl3, 200 MHz): d¼ 8.67
(d, J¼ 4.8 Hz, 2H), 7.74 (d, J¼ 4.8 Hz, 2H), 7.59 (s, 1H),
2.55 (s, 3H) MS m/z¼ 176 (Mþ� 1).

4-Bromo-5-methyl-2-(4(-pyridyl)thiazole (5)


To a solution of 3 g (17 mmol) of 4 in 40 ml of CHCl3 and
40 ml of MeCN, 3.0 ml (51 mmol) of Br2 was slowly
added. After refluxing for 48 h the solvents were removed
under vacuum and extracted with ethyl acetate. The
organic layer was dried with MgSO4 and concentrated
under reduced pressure. The reduced layer was purified
by column chromatography (ethyl acetate/hexane¼ 1:1)
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to afford 1 g (30%) of 5 as colorless solid: m.p. 94–95 8C.
1H NMR (CDCl3, 200 MHz): d¼ 8.69 (d, J¼ 6.0 Hz, 2H),
7.73 (d, J¼ 6.0 Hz, 2H), 2.48 (s, 3H), MS m/z¼ 255
(Mþ), Anal. Found: C, 42.09; H, 2.83; N, 11.05%. Calcd
for C9H7BrN2S: C, 42.37; H, 2.77; N, 10.98%.

1-[5-Methyl-2-(4(-pyridyl)-4-thiazolyl]
perfluorocyclopentene (6)


To a stirring solution of 5 (500 mg, 1.96 mmol) in 35 ml
THF and 23 ml ether, 1.6 M n-BuLi in hexane (1.1 ml,
2.06 mmol) was slowly added dropwise under an
atmosphere of argon at �80 8C . After the mixture had
been stirred for 15 min at �80 8C, perfluorocyclopentene
(0.3 ml, 2.10 mmol) in dry Et2O (0.5 ml) was slowly
added at �100 8C. The reaction mixture was stirred at
�100 8C for 30 min and at �80 8C for 2 h, and then
distilled water was added. The product was extracted with
diethyl ether, dried with MgSO4, and concentrated under
reduced pressure. The residue was purified by column
chromatography (ethyl acetate/hexane¼ 1:1) to afford to
400 mg (48%) of 6 as a colorless solid: 1H NMR (CDCl3,
200 MHz): d¼ 8.73 (d, J¼ 6.0 Hz, 2H), 7.77 (d,
J¼ 6.0 Hz, 2H), 2.58 (d, J¼ 3.0 Hz, 3H), MS m/z¼
368 (Mþ).

1,2-Bis[5-methyl-2-(4(-pyridyl)-4-thiazolyl]
perfluorocyclopentene (1a)


To a stirring solution of 5 (100 mg, 0.39 mmol) in 7 ml
THF and 4.5 ml Et2O, 1.6 M n-BuLi in hexane (0.27 ml,
0.41 mmol) was slowly added dropwise under an
atmosphere of argon at �80 8C. After the mixture had
been stirred for 15 min at �80 8C, 6 (100 mg, 0.27 mmol)
in dry THF (2 ml) was slowly added at �100 8C. The
reaction mixture was stirred at �100 8C for 30 min and at
�80 8C for 2 h, and then distilled water was added. The
product was extracted with diethyl ether, dried with
MgSO4, and concentrated under reduced pressure. The
residue was purified by column chromatography (THF/
ethyl acetate/hexane¼ 2:1:1) and GPC and HPLC (THF/
ethyl acetate/hexane¼ 2:1:1) to afford to 50 mg (30%) of
1a as a colorless solid: m.p. 179–180 8C. 1H NMR
(CD3OD, 200 MHz): d¼ 8.65 (d, J¼ 6.4 Hz, 2H), 7.89 (d,
J¼ 6.4 Hz, 2H), 2.17 (s, 3H), MS (FAB) m/z¼ 524 (Mþ),
Anal. Found: C, 52.61; H, 2.83; N, 10.83%. Calcd
for C23H14F6N4S2: C, 52.67; H, 2.69; N, 10.68%.

1,2-Bis[5-methyl-2-(N-methyl-4(-pyridyl)-
4-thiazolyl]perfluorocyclopentene (I2R) (3a)


To a stirring solution of 1a (100 mg, 0.39 mmol) in 7 ml
dry CH2Cl2, 0.24 ml of methyl iodide (3.9 mmol, 10 eq.
for 1a) was slowly added. The reaction was stirred at

Copyright # 2007 John Wiley & Sons, Ltd.

ambient temperature under a nitrogen atmosphere. After
24 h, the resulting suspension was filtered, the solid
washed repeatedly with dichloromethane, and then dried
in vacuo. 3a was obtained as a yellow powder; 1H NMR
(CD3OD, 200 MHz): d¼ 8.98 (d, J¼ 6.4 Hz, 2H), 8.48 (d,
J¼ 6.4 Hz, 2H), 4.42 (s, 3H), 2.28 (s, 3H), Anal. Found:
C, 36.85; H, 2.51; N, 7.25%. Calcd for C25H20F6I2N4S2:
C, 37.14; H, 2.49; N, 6.93%.

5-Methyl-2-(3(-pyridyl)thiazole (7)


Compound 7 was synthesized under the similar con-
ditions as for the synthesis of 4. Four grams (46%) of 7
was obtained as a colorless solid: m.p. 88–89 8C. 1H NMR
(CDCl3, 200 MHz): d¼ 9.09 (s, 1H), 8.61 (br d,
J¼ 3.8 Hz, 1H), 8.18 (br d, J¼ 7.6 Hz, 1H), 7.55 (s,
1H), 7.4–7.3 (m, 1H), 2.53 (s, 3H), MS m/z¼ 176 (Mþ),
Anal. Found: C, 61.20; H, 4.60; N, 16.04%. Calcd
for C9H8N2S: C, 61.34; H, 4.58; N, 15.90%.

4-Bromo-5-methyl-2-(3(-pyridyl)thiazole (8)


Compound 8 was also synthesized under the similar
conditions as for the synthesis of 5. 8 (2.3 g, 39%) was
obtained as colorless solid: m.p. 84–85 8C. 1H NMR
(CDCl3, 200 MHz): d¼ 9.07 (dd, J¼ 2.2, 0.6 Hz, 1H),
8.64 (dd, J¼ 5, 1.8 Hz, 1H), 8.24–8.15 (m, 1H),
7.41–7.34 (m, 1H), 2.47 (s, 3H), MS m/z¼ 255 (Mþ),
Anal. Found: C, 42.33; H, 2.80; N, 11.00%. Calcd
for C9H7BrN2S: C, 42.37; H, 2.77; N, 10.98%.

1,2-Bis[5-methyl-2-(3(-pyridyl)-4-thiazolyl]
perfluorocyclopentene (2a)


To a stirring solution of 8 (2.0 g, 7.84 mmol) in
120 ml Et2O, 1.6 M n-BuLi in hexane (5.4 ml, 8.62 mmol)
was slowly added dropwise under an atmosphere of argon
at �80 8C. After the mixture had been stirred for 15 min at
�80 8C, perfluorocyclopentene (0.6 ml, 4.10 mmol)
in Et2O (1 ml) was slowly added at �100 8C. The
reaction mixture was stirred at �100 8C for 30 min and at
�80 8C for 2 h, and then distilled water was added. The
product was extracted with diethyl ether, dried with
MgSO4, and concentrated under reduced pressure. The
residue was purified by column chromatography (THF/
ethyl acetate/hexane¼ 2:1:1) and GPC and HPLC (THF/
ethyl acetate/hexane¼ 2:1:1) to afford to 100 mg (5%) of
2a as a colorless solid: m.p. 127–128 8C. 1H NMR
(CD3OD, 200 MHz): d¼ 9.05 (s, 1H), 8.7–8.6 (m, 1H),
8.4–8.3 (m, 1H), 7.6–7.5 (m, 1H), 2.17 (s, 3H), MS m/z¼
524 (Mþ), Anal. Found: C, 52.81; H, 2.88; N, 10.48%.
Calcd for C23H14F6N4S2: C, 52.67; H, 2.69; N, 10.68%.
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ABSTRACT: Density functional theory (DFT) calculations of ring-shaped a-cyclo[N]thiophenes withN¼ 2 toN¼ 18
have been performed for ideal structures of high symmetry (point groups Cnv and Dnh) and for optimum energy
structures of lower symmetry (D2d, Cs, C2v, Ci or C1). Whereas the first three members of the series behave
exceptionally the higher members are typical cyclothiophenes consisting of weakly interacting thiophene rings. In
contrast to neutral compounds, cations and dications of cyclothiophenes with N �5 exhibit pronounced electron
delocalizations along the carbon backbone. However, if the functional B3LYP is replaced by BH cations of large
ring-size cations show polaron-type charge defects. According to broken symmetry DFT calculations dications with
N¼ 14 and N¼ 18 have biradical character. These structures correspond to two-polaron-type structures rather than to
dipolarons. The calculated vertical ionization energies of cyclo[N]thiophene are comparable with those of oli-
go[N]thiophenes of the same number of thiophene rings but the calculated absolute energies are probably too low at
large ring size. Cyclothiophenes absorb light of lower energies than the related oligothiophenes. Cyclothiophenes
belong to the strongly absorbing organic chromophores. In case of high molecular symmetry some of the excited states
of cyclothiophenes are degenerate. The degeneracy is lifted with lower symmetries but the general absorption feature
remains. The theoretical results are discussed with respect to recent experimental findings. Copyright # 2007 John
Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/


KEYWORDS: cyclothiophenes and ions; restricted and unrestricted DFT calculations; time-dependent DFT calculations;


molecular structure; light absorption; ionization energies; electron affinities


INTRODUCTION


Among the conjugated oligomers a-oligo[N]thiophenes
1N constitute a particularly attractive class of com-
pounds.1 They have been extensively investigated for
optoelectronic and microelectronic applications, such as
organic materials for light-emitting organic diodes
(OLED),2 organic field-effect transistors (OFET),3 and
organic solar cells (OSC).4 Efficient methods are known
for the preparation of oligothiophenes 1N (Scheme 1). The
most syntheses make use of the thiophene-thiophene
coupling reaction starting from the easily available
metallated thiophenes and using heavy metal catalysts.5


This synthetic strategy, however, failed in the synthesis of
a-cyclo[N]thiophenes 2N. Cyclothiophenes have been


synthesized only recently. Bäuerle at al. obtained
cyclo[N]thiophenes of the ring sizes N¼ 8, 12, 16, and
18 using the template-mediated coupling reaction of
bisethinyl-substituted oligothiophenes.6


Cyclothiophenes exhibit several interesting properties.
They show self-assembly properties and may therefore
pave the way to novel molecular circuits.7 Fullerene
undergoes complexation on a cyclothiophene monolayer
template.7 Cyclothiophenes display bright yellow to red
colors and are dedicated for oxidation reactions to form
cationic or dicationic compounds. They may also be
useful models for infinitely long chain-type polythio-
phene compounds.8 A theoretical study examined the
application of cyclothiophenes as building blocks for
complex structures such as catenanes and knots.9 Giant
macrocylic oligothiophenes linkage of thiophenes
through acetylenic bonds have been prepared very
recently.10 Scheme 1.


Semiempirical AM1- and PM3-calculations of Tol8,
Bäuerle et al.6,11 and Mena-Osteritz7 predicted all-syn
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(all-s-trans)-configured ring-shaped structures with an
inner concave surface of sulfur atoms and an outer convex
backbone of carbon atoms. Cyclododecithiophene 212
shown in Fig. 1 was described as planar and with a
delocalized p-system.8 According to semiempirical
calculations interring bonds are relatively long reminis-
cent to the corresponding bonds of open-chain oligothio-
phenes. The weak linkage between the substructures
allowed a discussion of spectral properties in terms of
constituent parts.11


The cyclothiophenes 2N considered in this study are
exclusively syn-configured in contrast to oligothiophenes
1N with anti-configuration (cf. Fig. 1). A recent extensive
study of Zade and Bendikov of a series of even-numbered
cyclothiophenes has also paid attention to anti-cyclo[N]
thiophenes and to their structural and spectral character-
istics in comparison to syn-isomers.12 Whereas anti-cyclo[N]
thiophenes are energetically disfavored with respect to
syn-isomers up to ring sizes to N¼ 20 the strain-free
anti-isomer with N¼ 30 is significantly more stable than


the syn-isomer. The change of KS-MO-energies and of
other theoretical parameters were studied depending on
the ring size.12


The aim of this study is to calculate the molecular
and electronic structure of syn-configured parent
a-cyclothiophenes of small and middle ring size by
first-principles methods. The density functional theory
(DFT) and the time-dependent DFT (TD-DFT) are
employed in calculating the structure and ionization
and excitation energies. The alternative binding in
b-position or both in a- and b-position of the thiophene
substructures is discussed for some selected compounds.


The molecular geometry is expected to be sensitive to
the ring size. It may change with the molecular symmetry.
Therefore, it appeared advisable to delineate the
molecular structure and structure-property relationships
in a uniform way on an equal footing. For this purpose
high symmetry cyclo[N]thiophene structures were con-
sistently defined first. The relaxed structures of optimum
energy were generally found to be of reduced symmetry.
These real structures may be considered as perturbation
idealized structures of high-symmetry. The reference
structures of high symmetry are characterized by n-fold
symmetry axis (n¼N).


COMPUTATIONAL


Standard DFT calculations13 were performed using the
GAUSSIAN0314 suite of programs. Three hybrid
xc-functionals were employed in the calculations: The
popular Becke-3-Lee-Yang-Parr functional (B3LYP),15


the later proposed Becke98 (B98) functional16 and the
parameter-free PBE0 (PBE1PBE) functional.17 The
Half&Half exchange functional, designated as BHandH
or BH functional,18 in conjunction with the
Lee-Yang-Parr (LYP) correlation functional was used
to promote symmetry-breaking and bond localization.
This exchange functional is based on one half of the
HF exchange including local LSDA and gradient
corrected (Becke88) terms. Calculation with the
BHandHLYP functional provided more realistic bond
characteristics of various open-chain19 and ring-closed
polymethine structures.20


To handle the compounds 2N of the entire homologous
series including larger compounds consistently Pople’s
small split valence double-zeta basis set 3-21G� was used
in general. Additional calculations with extended basis
sets were performed to examine the effect of the basis set
incompleteness and to achieve more accurate numerical
results.


DFT calculations were carried out with the spin-
restricted RDFT model of DFT for closed shell and with
the spin-unrestricted UDFTmodel for open shell systems.
UDFT was employed in calculating radical and biradical
species. The use of different spatial orbitals for a- and
b-subsystems resulted in spin polarized or broken


Scheme 1


Figure 1. a-Cyclo[12]thiophene (212) and basic structural
components of cyclo- and oligothiophene structures
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symmetry (BS) solutions. BS-UDFT calculations cover to
some extent static correlation and multi-reference
effects.21 This approach was successfully applied to
describe reactive biradical intermediates and transition
structures22 and more stable conjugated organic biradi-
cals.23 BS-UDFT calculations revealed a change of the
oligoacene structure from the conventional to the
biradical one when passing from small to large
compounds.24 Based on this theoretical model biradical
ground states have been found for extended dicationic
oligothiophene parent compounds25,26 and derivatives.27


A breaking of the spin symmetry was observed.
Time-dependent density functional theory (TD-DFT)


is a proper approach for the calculation of transition
energies and transition probabilities of larger mol-
ecules.28 This approach is based on the linear response
of the charge density to an applied field allowing direct
computation of excitation energies and oscillator
strengths. The deviation of the calculated transition
energies for sulfur-containing compounds may be as low
as 0.1 eV as found for small clusters of sulfur29 and
amounts generally to 0.2130 to 0.27 eV31 for more
heterogeneous series of sulfur compounds. TD-DFT
results with the 3-21G� basis set are not much inferior to
those with the 6-31þG� basis set employed in previous
studies.30,31 The mean average deviation of 0.38 eV was
reported for oligomers without scaling.32 TD-DFT
calculations were generally performed with the B3LYP
functional in this study, but the PBE0 functional is an
alternative suitable choice. The TD-DFT transition
energies are calculated vertically at the equilibrium
energy of the ground state.


In the strict sense, vertical energies cannot be recorded
by experiment. However, transition energies are actually
related to the recorded band maxima. The absorption
intensity of TD-DFT was evaluated by the oscillator
strength f according to the formula f¼ (8p2/3)(me n/
he2)A-e


R
C0rCidrA


2, where the symbols have their usual
meaning. The dimensionless oscillator strength is directly
related to the integral extinction coefficient by
e(n)¼ R


e(n)d(n).
For comparison, transition energies and oscillator


strengths were also calculated by the semiempirical
ZINDO-CIS (‘ZINDO/S’)33 and PPP-CIS34 methods with
an active space of 10 occupied and 10 unoccupied
orbitals. PPP and ZINDO-CIS calculations were per-
formed by the WPSIN335 and GAUSSIAN03 program,14


respectively.


RESULTS AND DISCUSSION


Isomeric compounds of low ring size


As detailed in the next section, the first three members of
the homologous series 2N with N¼ 2 to N¼ 4 are
exceptional. The dimer (N¼ 2) represents a sandwich-


like compound defined by two stereoisomers. The
isomers belong to different point groups (see Fig. 2).
The lower energy isomer has the point group C2v. The
carbon atoms of the interring bonds are located on a
common plane. The same holds for the trimer and
tetramer structures. In all cases structures of cofacial
alignment of the sulfur atoms (syn-isomers) have the
lowest energy. The most stable trimer and tetramer belong
to the point groups C3v and C4v, respectively. Structures
of Cnv symmetry also encounter with cyclothiophenes of
larger ring size.


For small compounds the number of stereoisomers is
restricted. As shown in Fig. 2, there are two structural
isomers of 2N with N¼ 2 and N¼ 3 and four with N¼ 4.
In analogy to a calix[N]arene terminology36 the
molecular shape may be designated simply by a symbolic
representation based on a sequence of signs. In this way
the lowest-energy structures are designated as (þþ),
(þþþ) and (þþþþ). The stereoisomers higher in energy


Figure 2. Schematic presentation of the geometric isomers
of 2N with low ring size and the destabilization energies in
kcal/mol with respect to the all-syn optimum structures
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than the global minimum are characterized by sequences
with both positive and negative signs. The adjacent CS
bonds are fully in plane (dihedral angles SCCS¼ 0) in the
lowest energy conformations.


The number of possible stereoisomers increases
considerably with the size of the ring structures. For
ring compounds larger than N¼ 4, the low energy of
all-syn structures are only considered.


A simplified approach to larger ring structures


If the molecular symmetry differs the description of
relationships between properties and structure is less
clear. It is therefore useful to give a more general
description of the cyclothiophenes 2N in terms of
idealized structures before examining individual real
structures. High symmetry Cnv structures encounter with
the above mentioned lowest-energy stereoisomers of the
three members of the cyclothiophene series. The Cnv


symmetry was chosen as the general reference system.
High symmetry oligothiophene structures of the point


group Cnv are generated in the calculations by excluding a
twisting between the adjacent thiophene rings. This is
achieved by setting the interring angles vCCCC to zero. In
an extreme case, all rings are aligned parallel to the
molecular axis giving rise to a bracelet-type structure.
In another extreme configuration the thiophene rings
are aligned perpendicular to the axis resulting in a
planar necklace-type structure (Fig. 3). If the angle f is


introduced between the main axis of the cyclothiophene
2N and the symmetry axis of the thiophene subunit the
angle f¼08 stands for the parallel and f¼908 for the
perpendicular arrangement. In all intermediate structures
the thiophene rings are inclined to the molecular axis with
angles between 0 and 908. These cyclothiophene
structures are cone-shaped. Another measure of the
curvature of the cylothiophene 2N is the dihedral angle
dCHCHCC such as defined in Fig. 3. The angle amounts to
1808 for planar structures but is less than for 1808 for
cone-shape structures.


Because of the ring strain, the small cyclothiophenes
are cone shaped with sulfur directed toward the apex of
the cone. As mentioned above these structures exhibit the
point group Cnv. With increasing ring size the cone-
shaped structure is becoming flat finally to pass over to a
fully planar structure of the point group Dnh. According to
the calculations the angle f of the pentamer decreases
from 718 to 08 in the decamer while the angle dCHCHCC
increases from 140 to 1808. The coaxial parallel
alignment with f¼908 is not realized in the cyclothio-
phene series.


Except for compounds 2N of the ring sizes N¼ 2 to
N¼ 4 the high symmetry structures are not the lowest
energy ones. These structures are rather saddle points of
higher energy on the potential energy surface. If the
constraints are lifted global or local minima of lower
symmetry are obtained.


Optimized structures and their bond
characteristics in ground and ionized states


Results of DFT-calculations of cyclothiophenes 2N
calculated with symmetry constraint are assembled in
Table 1 along with results of lower symmetry compounds
obtained by full geometry optimization. The high
symmetry structures possess n-fold symmetry axes and
belong to the point group Cnv for cone-type and to Dnh for
planar compounds exemplified as in Fig. 4. Passing from
N¼ 5 to N¼ 9 the angle f drops down from 718 to 28.
Within the theoretical model used the crossover from the
high symmetry cone-type to the planar structures occurs
from N¼ 9 to N¼ 10. Whereas the frequency analyses of
the high symmetry structures ascertain saddle points
lower energy structures are minima with all frequencies
positive.


Except for the first members of the series, the
symmetry of the structures of optimum energy differs
from that of idealized high symmetry structures. With full
geometry optimization the symmetry is reduced from Cnv


or Dnh to D2d, Cs, Ci or C1. Larger ring structures with
N¼ 10, N¼ 14, and N¼ 18 display a centre of symmetry.
However, the low symmetry structures are still close to
all-syn. The structural features found for the cyclothio-
phenes are similar to those of B3LYP/6-31G� calculations
reported by Zade and Bendikov12 who considered


Figure 3. The selected dihedral angles are the angle of
inclination of the axis of thiophene towards the molecular
axis (f), the torsional angle around the interring bond
(vCHCCCH) and the angle of the curvature (dCHCHCC) of the
thiophene ring along the perimeter
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s-cisoid even-numbered oligomers from N¼ 8 up to
N¼ 30.


The calculated stabilization energies arising from the
geometrical relaxation are relatively low in the most
cases. The stabilization energy is only remarkably large
for N¼ 18 with 22.8 kcal/mol (see Table 1). In the latter
case the structure relaxes from a planar to a twisted
structure (see Fig. 5). A twisted structure with a centre of
inversions was also calculated for N¼ 14 (Ci-symmetry).
However, the energy of this structure is only about
0.2 kcal/mol higher than the energy of the planar isomer.


To compare ab initio MP2 calculations have been
performed for cylo[5]thiophene (25). As mentioned in a
footnote of Table 1, the structural data are similar to those
of the DFT calculations. The gain in energy in passing
from the high symmetry to the low symmetry structure is
8.5 kcal/mol compared to 7.5 kcal/mol by DFT.


The inspection of the bond parameter of Table 2 shows
that the first three members of the series take an
exceptional position with respect to the bond character-
istics. Whereas the thiophene fragments of cylothio-
phenes 2Nwith N� 5 are weakly bound between the rings
with bond lengths of about 1.45 Å


´
the compounds with of


N¼ 2 toN¼ 4 exhibit essential double bonds with lengths
of about 1.35Å


´
. Thus, there is a drastic change of the CC


bond lengths in passing from N¼ 4 to N¼ 5 accompanied
by a crossover from a heteroquinoid to a heterobenzoid
bond system. The CS bonds of small ring compounds are
about 0.08 Å


´
longer than the bonds of the intrinsic


cyclothiophenes of larger ring size (cf. Table 2). More-
over, the sulfur atoms of the small ring compounds are
placed out of the ring plane by 408 on the average.
Consequently the first three members of the homologous
series cannot be considered as true cylothiophenes.


Table 1. Symmetry und relative stability of cyclo[N]thiophenes 2N with N¼5 to N¼ 18 and of the related cyclic compounds
with N¼3 to N¼4 in kcal/mol calculated by DFT without and with constraint (vCCCC


——0). Topologically analogous compounds
with the ring size N¼3 and N¼ 4 are included (Becke3LYP/3-21G�)


N


High symmetry structures Low symmetry structures Stabilization energy


Symm. vCCCC dCCCHCH fa Symm. vCCCC dCCCHCH DEb


2 C2v 0 80 — C2v 0 80 —
3 C3v 0 114 — C3v 0 114 —
4 C4v 0 130 — C4v 0 130 —
5c C5v 0 140 71 Cs 0–45 133–152 �7.5
6 C6v 0 149 60 Cs 45 144–161 �10.0
7 C7v 0 157 50 C1 26–60 151–177 �8.7
8 C8v 0 163 36 D2d 43 163–178 �7.2
9 D9v 0 179 2 C1 29–41 168–179 �5.9


10 D10h 0 180 0 Ci 19–33 175–179 �2.8
14 D14h 0 180 0 Ci 19–26 179 �2.3
18 D18h 0 180 0 Ci 17–32 178–179 �22.8


a For the definition of the angles see Fig. 2. Because of the nonplanarity of the thiophene rings of 2N with N¼ 2 to N¼ 4 the angles f are not defined.
b Gain in energy in passing from high to low symmetry structures.
c The calculation of 25 at MP2/6-31G� level resulted in the following angles vCCCC¼ 08, dCCCHCH¼ 1418 and f¼ 658 TheMP2 stabilization energy amounts to
8.5 kcal/mol in passing from the higher (C5v) to the lower symmetry structure (Cs). Extension of the basis set from 3-21G� to 6-31G� at the DFT level led to a
lower rather than higher stabilization energy (5.0 kcal/mol).


Figure 4. The cone-type cyclo[N]thiophene 2Nwith N¼ 5 in
two different views (on top) and the planar compound with
N¼ 18 calculated with zero-interring-torsion angles (at the
bottom)
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The strange syn-configured dimer structure derived
from 22 with long CS-bonds may be understood as
episulfide of cyclotetraene or, alternatively, as substituted
1,4-dithiin (cf. Fig. 6). The large CS bonds of 1.779 Å


´
and


the short bonds of 1.333 Å
´


calculated for 1,4-dithiin
correspond to bond lengths of 1.879 Å


´
and 1.362 Å


´
of the


dimer.
The bond lengths of cyclo[N]thiophenes with N> 5


and their alternation in lengths are consistent for all
members of the series. The interring bond lengths amount
to about 1.45 Å


´
. Thus cyclothiophenes consist of weakly


bound thiophene units. The bond lengths of high
symmetry structures slightly decrease in going from


the pentamer 25 (1.47 Å
´
) to the octadecamer 28 (1.44 Å


´
).


The averaged ‘double’ and ‘single’ bonds of the
thiophene substructures are 1.39 and 1.43 Å


´
, respectively.


They do not differ much from the corresponding values of
the parent oligothiophenes 1N (1.37 and 1.44 Å, respect-
ively). As shown for 15 extension of the basis set from
3-21G� to 6-31G� hardly affects the calculated bond
lengths whereas the MP2/6-31G� calculation results in a
slight contraction of CS and interring CC bonds and a
larger bond length alternation within the thiophene
substructures (see footnote of Table 2).


The number of p-electrons of cyclothiophenes 2N
along the carbon backbone amounts to 4n which suggest
anti-Hückel systems. However, since the related hydro-
carbons are actually Jahn-Teller distorted with a
pronounced bond length alternation the reference to


Figure 5. Optimum structures of cycloocatadecithiophene
218 in three views (N¼18, Ci-symmetry)


Table 2. Bond lengths of thiophene substructures, interannular bonds (2–6) in Á̊, bond lengths alternation indices (BLA) in Á̊
and angles of out-of-plane deformation 1of the sulfur atoms in degrees calculated by DFT B3LYP/3-21G�a


N


Thiophene bonds Interring bonds


BLAb
Dieder angles
out-of-plane1–2 2–3 3–4 2–6


2c 1.879 1,522 1.359 1.362 0.16 31
3 1.823 1.505 1,345 1.345 0.16 45
4 1.803 1.483 1.350 1.353 0.13 33
5 1.764 1.386 1.431 1.472 0.07 0
8 1.753 1.386 1,427 1.451 0.05 0
18 1.758 1.389 1.403 1.440 0.03 0
5þ 1.764 1.407 1.407 1.441 0.02 0
8þ 1.753 1.400 1.410 1.432 0.02 0
18þ 1.758 1.395 1.397 1.432 0.02 0
5þþ 1.767 1.432 1.384 1.411 0.03 0
8þþ 1.755 1.416 1.393 1.414 0.01 0
18þþ 1.758 1.395 1.397 1.444 <0.01 0
5� 1.871 1.405 1.421 1.444 0.03 0
8� 1.763 1.397 1.416 1.434 0.03 0
18� 1.768 1.394 1.398 1.432 0.02 0


aHigh symmetry cyclothiophene structures.
b The bond length alternation index BLA is defined by the difference between the average lengths of single and double bond in the conjugated system.
c DFT B3LYP/6-31G�and ab initioMP2/6-31G� calculations of the pentamer (25) resulted in the following bond lengths:1.763, 1.385, 1.427, 1.470 and 1.743,
1.398, 1.413, 1.467 Å


´
, respectively.


Figure 6. The dimer 2N considered as substituted cycloc-
taetraene or 1,4-dihiin
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anti-Hückel systems is less founded. However, this
classification may useful to understand the change of the
electronic structure in passing from neutral compounds
with the formal 4n p-perimeter to the corresponding
dications with the (4nþ 2)p-perimeter. In contrast to the
neutral compounds 2N dications 22RN display a lower bond
length alternation. According to Table 2 the bond length
alternation (BLA) within the thiophene ring practically
vanishes with ionization. As shown for N¼ 5, N¼ 8 and
N¼ 18, BLA is lower for cations 2R:


N and dications 22RN
than for the neutral compounds 2N. The CC-bonds of
monoanions 2�:


N alternate slightly more than those of
monocations 2RN .


The magnetically based NICS value is useful to probe
the aromatic or antiaromatic character of a ring system.
This quantity is defined as the negative shielding at the
center of the ring and given in p.p.m.37 NICS(0) values
are calculated for the centre of molecule in the ring plane.
As exemplified with cyclononithiophene (29), the neutral
compound exhibits a NICS value near to zero at the centre
of the ring (cf. results in Ref. 5). A value like that is
characteristic neither for an antiaromatic system nor for
an aromatic system. But the same calculations on the
dicationic species 22RN resulted in relative large negative
NICS values indicating an aromatic character of the ring.
In analogy to studies on polycyclic rings.38 NICS values
of the partial rings were also calculated.38 As it was
expected, the aromatic character of the thiophene
substructures is principally retained. The NICS values
are, however, lower than the value of the isolated
thiophene calculated at the same level of theory
(�12.97 p.p.m.).


To eliminate the effect of the conjugatively bound
sulfur the s-bivalent sulfur of cyclothiophene was
replaced by CH2. Structures of this type are unknown
so far. Result of these calculations are exemplified with
N¼ 9 in Fig. 7. The bond length alternation of the neutral


hydrocarbon is increased with respect to that of
cylothiophenes. In contrast, the CC bonds of the dications
are nearly constant along the perimeter. The NICS-value
of the cyclothiophene dication 22R9 is considerably lower
than that of the neutral compound thus signalizing a
higher aromatic character.


Polaron, two-polaron, and dipolaron structure
of the ions


Cyclothiophenes 2R::
N ion radicals deserve particular


attention. However, the radicals might undergo dispro-
portion according to equation


2 2þ:
N ! 22þN þ 2N


This phenomenon was extensively studied by Hünig
et al. for various dyes.39


According to DFT calculations two cyclothiophene
cation radicals 2R:


N are significantly more stable than one
dicationic cyclothiophene 22RN and one neutral cylothio-
phene 2N together. With full geometry optimization the
relative stabilization energy of the cations decreases from
73.6 (N¼ 5) to 36.5 kcal/mol (N¼ 18). Thus, dispropor-
tion of cyclothiophenes is not expected for free molecules
up to N¼ 18. Knowledge about the reactivity in the
condensed phase requires the study of the medium effect.
It should be mentioned that linear oligothiophenes also
show a relative high stability of the ion radical with
respect to disproportion.27


Cyclothiophene cations 2R:
N may be charge carriers in


the condensed phase. They are involved in the hole
transport phenomenon decribed by a hopping type
mechanism between adjacent thiophenes. Such radical
cations (or anions) are designated as polarons in solid
state physics. In the case of oligothiophene the transport


Figure 7. Bond lengths alternation indices (BLA) and NICS(0) values in p.p.m. of the planar cyclononithophene (29) (on the left)
and its related hydrocarbon (on the right) calculated of the whole and the partial rings by DFT GIAO B3LYP/3-21G�
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process has been recently studied in terms of the single
electron transfer of a mixed valence systems.40


Radical structures may experience geometry relaxation
and symmetry breaking.41 Because of strong electro-
n-phonon interactions symmetry breaking is favored in
extended p-conjugated systems. This effect may be
underestimated in DFT calculations when functionals
such as BLYP and B3LYP are used. These functionals
favor the electron delocalization.19 In the case of long
chain oligothiophenes 1N Moro et al.42 calculated
localized polaron structures at the restricted open shell
ab initio level of theory whereas Bredas et al.43 obtained
polaronic effect at the DFT level by increasing the amount
of Hartree-Fock-exchange in the exchange functional.


Calculations on cyclothiophene radical cations (2R:
N )


with N¼ 14 and N¼ 18 were performed in this study by
the last mentioned approach. The ‘half and half’
exchange functional (BHandHLYP) was used.18 This
functional is known to diminish the electron delocaliza-
tion favoring solitonic defects. Bond localization is in fact
indicated in the bond length characteristics of the largest
considered cyclothiophene 2R:


18 . Considering the C3-C4
bonds of the cations, for example, five adjacent
thiophenes display markedly shorter bonds than the
remaining fifteen thiophene rings. Concomitantly, the five
adjacent thiophenes bear 68% of the total charge and, in
addition, 85% of the total spin density. A similar result
was obtained for the cationic cyclo[14]thiophene (2R14)


..
Thus, similar to oligothiophenes geometry localization
and charge defects are expected for cyclothiophenes of
large ring size.


Usually dicationic dipolarons are formed at high
doping concentrations. The nature of the dipolaron of
oligothiophenes 1N was studied as a function of the chain
length by first-principle methods. Dipolarons were found
to be instable with respect to separation into two polarons
at longer chain lengths.44,45 This particularity was also
found for oligothiophene dications (12RN ).25,26


In this study the same effect was observed with
cyclothiophene dications 22RN of larger ring sizes.


Calculated by BS-UB3LYP the largest dications with
N¼ 14 and N¼ 18.proved to be Kohn-Sham instable. The
biradicaloid two-polaron (polaron pair) state is the
molecular ground state. The lowering of energy with
respect to the energy of the conventional spin-pure
structure amounts to 0.27 kcal/mol for N¼ 14 and
increases to 1.52 kcal/mol for N¼ 18. Whereas the CC
bond lengths of the polaron with N¼ 18 are nearly
constant the bond lengths of the corresponding two-
polaron state vary between 0.01 to 0.02 Å. The numerical
differences in bond length are small but show a systematic
change: The thiophene rings of two opposite regions of
the 18-membered ring are slightly heteroquinoid and
those in between them are more heteroaromatic. Based on
a completely different theoretical model this structural
feature was first shown by Tol8. In the two heteroquinoid
parts of the ring the charge is larger than of the two
heteroaromic parts.


Ionization energies and electron affinities


Since important applications of p-conjugated polymers
are based on electron transfer processes redox properties
deserve particular interest. The ionization potential of
oligothiophenes 1N has to be kept low in OLEDs to
facilitate electron transfer of holes from the anodes to the
emitting layer whereas an increased electron affinity may
reduce the electron injection barrier in the layer.


Ionization energies were calculated by the energy
difference method (DSCF). As long as the ionized states
are not relaxed vertical ionization energies are obtained.
The vertical ionization energies should better correspond
to experimental ionization energies measured by photo-
electron spectroscopy than the adiabatic ones. Results of
DFT calculations are listed in Table 3.


Except for structures of small cyclo[N]thiophenes 2N
with N¼ 2 to N¼ 4 vertical ionization energies of the low
symmetry structures are larger than those of high
symmetry structures. However, the general trend is the


Table 3. Vertical ionization energies IEn of single and twofold ionization of cyclo[N]thiophenes 2N of different symmetry in eV
calculated by DFT (Becke3LYP/3-21G�)


2N


IE1 IE2


Sym.


IE1 IE2


N, Sym. With symmetry constraint Without symmetry constraint


2, C3v 7.51 21.21 C3v 7.51 21.21
3, C3v 7.67 20.01 C3v 7.67 20.01
4, C4v 6.59 17.76 C4v 6.59 17.76
5, C5v 5.88 15.55 Cs 6.18 18.18
6, C6v 5.79 14.99 Cs 6.22 15.83
7, C7v 5.73 14.53 C1 6.26 15.61
8, C8v 5.67 14.17 C4v 6.13 15.07
9, C9h 5.66 13.92 C1 5.88 14.36
10, D10h 5.53 13.49 Ci 5.70 13.82
14, D14h 5.22 12.82 Ci 5.44 12.82
18, D18h 5.04 11.69 Ci 5.40 12.49
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same in both series. Ionization energies less than 6 eV
were calculated with N¼ 9 and larger ring sizes. Vertical
ionization energies lower than 6 eV were also reported
recently for 2N with N larger than 10 calculated by DFT
B97-1/3-31G�.9 However, the National Institute of
Standards and Technology (NIST) databank46 does not
contain ionization energies less than 6 eV of organic
compounds. On the other hand, ionization energies of
small and middle-sized molecules are normally in error
by about 0.2 eV only.13


To discuss this discrepancy, vertical ionization energies
of the open chain oligothiophenes 1N were calculated. In
contrast to cyclothiophenes 2N experimental ionization
energies are available up to N¼ 5 in series 1N


47 As shown
in Table 4, DFT B3LYP calculations reproduce the
experimental ionization energies only for the parent
thiophene. The calculated ionization energies of the
oligomers withN¼ 2 to N¼ 5 are significantly lower than
the experimental energies. The deviation between theory
and experiment grows to about 1 eV with N¼ 5. Replace-
ment of the B3LYP by other hybrid xc-functionals or an
extension of the basis set did not reduce the deviation.


It should be mentioned that the error is not restricted to
sulfurorganic p-electron systems. For example, the
hydrocarbon pentacene is calculated to undergo ioniz-
ation at 5.83 eV at the DFT level B3LYP 6-31G� level
whereas the experimentally determined value is
6.61 eV.48 This same type of error has also been reported
for compounds of the oligoacene series.49 The error was
attributed to a shortage of electron correlation.49 In fact,


ab initio MP2 calculation with extended basis sets
provided excellent results.50


The comparison of the ionization energies of the
ring-shaped and open-chain compounds of Tables 2 and 3
suggests that the ionization energies of the ring closed
cylothiophenes 2N may be comparable with those of the
open-chain compounds 1N with the same number of
thiophene rings (e.g., IPs for the pentamer 25 6.18 eV vs
6.15 eV for 15).


In contrast to the thiophene parent compound, anion
radicals of cyclothiophenes (2�N) are more stable than the
neutral compounds. According to the DFT calculations
the adiabatic electron affinity (EA) of the pentamer 25
amounts to 1.33 eV (cf. Table 5) but increases consider-
ably if diffuse functions are taken into account. With the
more extended basis set 6-31þG�� the adiabatic EA
value increases to 1.74 eV. To draw a comparison, the
experimentally recorded electron affinities of 9,10-antra-
quinone, 1,4-napthoquinone and 1,4-benzoquinone are
1.591, 1.81 and 1.91 eV, respectively.51


Electronic excitation energies


Neutral high symmetry cyclothiophenes 2N of the point
groups Cnv or Dnh have twofold degenerate excited states
which entails two intense A1 (A1g)!E electronic
transitions of the same energy in the visible region. An
additional transition of lower energy is situated in the near
infrared region (A1!A2). This transition is dipole-
forbidden. The term levels are qualitatively shown in
Fig. 8. The allowed transitions are originated from four
one-electronic transitions: They take place from the
degenerate-occupied orbitals (e1) to the lowest energy
unoccupied orbital (a1) and from the highest occupied
orbital (a2) to degenerate unoccupied MOs (e1). The
forbidden transition is essentially due to an electronic
transition from the highest occupied molecular orbital
(HOMO) of a2 to the lowest unoccupied molecular orbital
(LUMO) of a1 symmetry.


As shown in Table 6, the wavelengths of the first
intense absorption of the high symmetry cyclopoly-
methines display a regular bathochromic shift with
ascending ring size. The absorption wavelengths are
slightly lower when the functional B3LYP is replaced by


Table 4. Effect of the theoretical model on the first ioniz-
ation energies of the parent thiophene and of oligo[N]thio-
phenes (N¼ 2 to N¼5)


Model N¼ 1 N¼ 2 N¼ 3 N¼ 4 N¼ 5


B3LYP/3-21G�) 8.88 7.43 6.77 6.40 6.15
B3PW91/3-21G� 9.00 7.55 6.91 6.53 6.28
PBE0/3-21G� 9.36 7.75 6.73 6.55 6.36
B95/3-21G 8.88 7.44 6.97 6.42 6.18
B3LYP/6-31G� 8.70 7.28 6.64 6.31 6.02
B3LYP/6-311þþG�� 8.94 7.54 7.00 6.54 6.30
Exp. (PES)a 8.87 7.95 7.43 7.28 7.11


a Ref. 47.


Table 5. Adiabatic ionization energies and electron affinities of neutral cyclo[N]thiophenes (2N) and transition energies in eV
and oscillator strengths f of the first intense electronic transitions of neutral and ionic cyclo[N]thiophenes (Becke3LYP/3-21G�)


N DEDFT
a DETD-DFT


b (f) Dication


IE1 IE2 EA Sym. Neutral Cation


5 5.92 15.04 1.33 C5v 3.10 (0.41) 2.83 (0.49) 2.89 (0.42)
8 5.79 14.00 1.37 C8v 2.95 (1.27) 1.06 (0.14) 2.43 (1.57)


18 5.29 12.05 — D18h 1.98 (3.85) 0.73 (1.04) 1.64 (3.42)


a Fully optimized structures of the neutral and ionized cyclothiophenes. Calculation of 25 with the 6-31þG�� basis set resulted in IE1¼ 5.97, IE2¼ 15.05 and
EA¼ 1.74 eV.
bDegenerate excited states of the high symmetry structures. If 25 is calculated by the more extended basis set 6-31þG�� the transition energies are only slightly
lower: neutral 2.92 (0.41), cation 2.73 (0.49), dication 2.82 eV (0.45).
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PBE0 (see footnotes of Table 6). Absorption wavelengths
calculated by semiemiprical methods such as ZINDO/S
or PPP calculated with DFT optimum geometries show
absorption wavelengths comparable with TD-DFT. In the
case of planar structure the electronic transitions are of
the p-p�-type. They can be calculated in the PPP approxi-
mation. This is the case for compounds of Dnh-symmetry.


The spectral data calculated by the different theoretical
models are quite consistent.


Cyclothiophenes calculated after geometry optimiz-
ation without symmetry constraint exhibit energy levels
similar to those of high symmetry compounds. However,
the transition energies are shifted to higher energies.
Whereas the splitting of degenerate MOs of cyclo[N]thio-
phenes is complex and relatively large for the Cs-symmetric
cycloquinqehiophene (25) the D2d-symmetric cyclooc-
tithiophene (28) possesses degenerate levels. Although
the structure of cyclo[18]thiophene considerably changes
with molecular relaxation in going from the fully planar
to the non-planar (twisted) structure the splitting of the
excited states after losing the degeneracy is low with
about 0.05 eV. The prediction of an intense absorption of
the cyclothiophene parent compounds is, in principal, in
harmony with the experimental results for derivatives,11


however, the theoretical and experimental values differ by
about 100 nm. It is tempting to attribute the spectral
deviation to the substituent effect not considered in the
calculations. However, results of the recent TD-DFT
calculations of oligoacenes 49 does not exclude a
weakness of the method.


Forbidden or weak low-energy transitions may be
difficult to discern in experimental absorption spectra in
solution. Sometimes emission spectra provide useful
information. Bäuerle et al. recorded fluorescence spectra
of partially butyl-substituted cyclo[N]thiophenes 2N and
of their cyclo[N]terthiophenediyne precursor compounds
3N.


53 In the case of 28 and 32 dual fluorescence has been
observed.


The calculation of cyclooctithiophene (28) resulted in a
weakly allowed transition at 397 nm (A1!E, f< 0.01)
nm and an intense transition at 379 nm (A1!E, f¼ 1.00)
(cf. Table 6).


These spectral data are calculated with the fully
optimized geometry of D2d-symmetry. According to DFT
B3LYP/3-21G� calculations the structure 32 has
C2h-symmetry in the molecular ground state (formula
in Scheme 2). Dual fluorescence of 32 is expected
from Bu- and Au-excited states, which are responsible for
a weak and an intense spectral absorption, respectively.
The calculated absorption wavelengths of 32 are 447 nm
(Ag!Bu, f¼ 0.01) and 411 nm (A1!E, f¼ 1.02) to
compare with the measured weak absorption maximum at
about 470 and the intense maximum at 400nm,
respectively.


Phosphorescence of cyclothiophenes has not yet been
observed. Because of the efficient spin–orbit coupling of
sulfur the compounds are potential candidate for light
emission from triplet states. The TD-DFT calculation of
28 predicts the lowest energy triplet state at 1.85 eV
(436 nm) and a singlet-triplet gap of 0.5 eV.


The first intense isoenergetic transition of a high
symmetry cyclothiophene dication 22R8 is again due to
degenerate excited states (cf. footnote of Table 6). The
absorption characteristics of the radical ions 2R:


N ,


Figure 8. Qualitative scheme of the relevant KS-frontier
orbitals and the respective one-electron transitions (on the
left) and of the resulting electronic states and electronic
transitions between the states (on the right) of high sym-
metric cyclo[N]thiophenes (2N) The sequence of the energy
levels corresponds to compounds about N¼8 in size
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however, are more complicated. One electron occupies
a non-degenerate singly occupied molecular orbital
(SOMO). This orbital may loose an electron upon
excitation or accept an electron. The complex mixing of
the transitions brings about a forbidden transition
followed by two isoenergetic intense transitions at higher
energies. (cf. footnote of Table 6). These transitions are
calculated in the NIR region.


b-Cyclo[N]thiophenes


The study dealt so far with cyclothiophenes linked in the
a-positions. Linkage in ß-position leads to isomeric
compounds as shown in Scheme 3. They are experimen-
tally known with the first few members of the series.


The first members of series 4 with N¼ 3 and N¼ 4 are
stable compounds.54–57 According to DFT calculations
the trimer 43 is planar whereas the following members 44
is puckered. The structures are depicted in Fig. 9. The
theoretical structure of the tetramer 44 is close to the
structure determined by X-ray diffraction.58 The angle


between the plane of two neighbouring thiophene rings is
54.18 calculated for the free molecule and 53.78measured
in the crystal. In contrast to the syn-configured
cyclothiophenes 2N with sulfur atoms in a concave inner
surface the sulfur atoms of ß-cyclothiophenes 3N are
placed on the outer surface. Both the trimers 43 and 44
were calculated to be significantly more stable than the
strained a-linked isomers 23 and 24 discussed above. The
trimer is also known as a [3]radialene in the literature.
However, the bond characteristics do not show the
radialene structure. The calculated bond lengths rather
correspond to a thiophene structure. The delocalized
nature of the thiophene substructures is supported by
NICS values. The NICS(0) value amounts to
-11.84 p.p.m., which is close to the value of the parent
thiophene (-12.49 p.p.m.).


Another striking difference between the isomeric
compounds concerns the spectral characteristics. In
contrast to the a-linked compounds 2N, compounds with
ß-linkage of series 4N absorb in the near UV rather than in
the visible region. The transitions are of the p-p� type.
According to TD-DFT calculations the calculated long-
est-wavelengths absorption wavelengths of 43 are 252 nm
(strong) and 291 nm (weak) to comparewith experimental
absorption maxima of about 255 and 320 nm. A third type
of cylothiophens encounters with thiophenes symmetri-
cally linked in the a- and b-positions (5N). Compounds of
this series are unknown so far. Again, the trimer 53 is


Table 6. Absorption wavelengths of the color-determining intense transitions of cyclothiophenes 2N in nm (oscillator strength
in parentheses) calculated by TD-DFT (Becke3LYP/3-21G�)


N


With symmetry constraint


PPPd


Without symmetry constraint


Sym. TD-DFTa–c ZINDO/S Sym. TD-DFT


5 C5v 400 (0.41) 527 (0.62) — Cs 356 (0.30) 396 (0.22)
6 C6v 407 (0.72) 494 (1.16) — Cs 358 (0.44) 359 (0.44)
7 C7v 419 (1.03) 490 (1.60) — C1 359 (0.63) 371 (0.65)
8 C8v 435 (1.33) 494 (1.97) — C4v 379 (1.00) 379 (1.00)
9 D9v 446 (1.50) 492 (2.31) 521 (2.99) C1 407 (1.29) 413 (1.29)


10 D10h 470 (1.90) 518 (2.94) 545 (3.17) Ci 442 (1.60) 442 (1.60)
14 D14h 556 (2.96) 540 (3.08) 625 (4.31) Ci 495 (2.28) 500 (2.25)
18 D18h 625 (3.85) 659 (4.10) 673 (5.14) Ci 507 (2.29) 518 (2.40)


a Calculated long wavelength transitions (oscillator strengths) of cyclooctihiophene ions (N¼ 8): Monocation (2R8 )
. 1244 (0.0) 1170 (0.14) 1170 (0.14). Dication


(22R8 ) 905 (0.09) 905 (0.09) 511 (1.57) 511 (1.57).
b For comparison: spectral data of 28 and 218 calculated by TD-DFT PBE0/3-21G�//PBE0/3-21G�: 417 nm ( f¼ 1.34) and 580 nm ( f¼ 4.08), respectively.
c A1–E1 transitions (point group Cnv) and A1g–E transitions (point group Dnh) of two-fold degenerate excited states.
d PPP parameter of sulfur derived in Ref. 52 with sulfur heterocyclic compounds.


Scheme 2 Scheme 3
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calculated to be planar and the tetramer 54 folded (see
Fig. 9).


CONCLUSIONS


To get insight into structure and properties of syn-
configured cyclothiophenes 2N. DFT calculations were
performed. The parent compounds of Cnv and Dnv


symmetry were considered as reference for the minimum
energy structures which are of lower symmetry.
Cyclo[N]thiophenes with five to nine thiophene rings
display an essential cone-type shape The compounds
become increasingly planar with growing ring size. As


shown with N¼ 18 larger rings become twisted with full
geometry optimization.


The electronic system of cyclothiophenes is excited
and ionized at relatively low energies. Neutral cyclothio-
phenes 2N have characteristic chromophoric systems.
They are predicted intensively to absorb light in the
visible region and, in the case of the dications 22RN , in
the near infrared region. This is in agreement with the
experiment.


Similar as found for cationic linear oligothiophenes
cyclothiophene cations .of larger ring size show
geometric defects and exhibit charge localization. These
structural characteristics correspond to a polaron-type
electronic structures. Dications 22RN of larger ring size


Figure 9. Structures of differently linked dimers and tetramers
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compounds are energetically favoured in the broken
symmetry two-polaron (polaron pair) structure.


The molecular and electronic structures were
examined. According to the bond characteristics the first
three members of the homologous series 2N are not real
a-oligothiophenes. Ring shaped oligothiophene linked in
b position of the thiophene rather than in a-position also
differ strongly from a-oligothiophenes in structure and
properties.
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ABSTRACT: Spirobenzopyran derivatives bearing a monoazacrown ether moiety (monoaza-12-crown-4,
-15-crown-5, and -18-crown-6) and an octadecyl group as a lipophilic moiety, called crowned spirobenzopyrans
were synthesized, which can be dissolved in anionic micelle solutions. We examined absorption-and fluorescence-
spectral changes of micelle solutions containing a crowned spirobenzopyran on addition of alkali metal ions. The
crowned spirobenzopyrans are in their merocyanine form in an anionic micelle solution even under dark conditions,
showing a significant absorption in the visible region which is attributable to the merocyanine moiety. Crowned
spirobenzopyran bearing a monoaza-12-crown-4 moiety exhibited a drastic hypsochromic shift in the absorption and
also an enhanced fluorescence on addition of Liþ to the micelle solutions under alkaline conditions. These spectral
changes can be attributed to a strong interaction between Liþ bound by the crown ether moiety and a phenolate ion of
the merocyanine moiety. Similar absorption and fluorescence-spectral changes were induced in the anionic micelle
solutions containing the other crowned spirobenzopyrans on addition of alkali metal ions. The intensity of the
absorption-spectral changes in the systems of the three crowned spirobenzopyrans, however, differed from each other,
depending on the strength of interaction between a metal ion bound to the crown ether moiety and the phenolate ion of
the merocyanine moiety. On the other hand, the extent of enhanced relative fluorescence intensity is dependent on the
strength of interaction between metal ion and a nitrogen atom of azacrown ether moiety, because the fluorescence
spectrum is quenched by photoinduced electron transfer (PET) from the nitrogen atom to the merocyanine moiety.
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: crowned spirobenzopyran; anionic micelle; absorption spectra; fluorescence spectra; lithium ion; metal ion


complex; photoinduced electron transfer (PET)

INTRODUCTION


The spirobenzopyran is well-known as a photochromic
compound, which isomerizes from its colorless and
electrically neutral spiropyran form to the corresponding
colored and zwitterionic merocyanine form by UV-light
irradiation, and vice versa by visible-light irradiation in
the non-polar solvent.1–4 We have studied on the
spirobenzopyran derivatives bearing crown ether moiety,
called crowned spirobenzopyrans.5–9 Previously, we
reported that the spirobenzopyran moiety of the crowned
spirobenzopyran isomerizes to its merocyanine form,
even under dark conditions and exhibits a drastic spectral
change as mentioned above when its crown ether moiety
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complexes a metal ion. Thus, crowned spirobenzopyrans
are also useful for colorimetric reagents for alkali
metal ion.


There is a lot of colorimetric reagents for liquid-liquid
extraction of metal ions and/or water miscible organic
compounds, and metal-ion concentrations can be
measured from the absorption spectra of the reagents
in the organic phase for liquid-liquid extraction.10


Water-immiscible organic solvents such as halogenated
hydrocarbons, which are not environment-friendly, have
generally been used in liquid-liquid extraction. Thus, for
reducing environmental burden, micelle system using
lipophilic colorimetric reagents is an alternative to the
liquid-liquid extraction for metal-ion determination.11,12


Surfactants are usually used for forming micelles in
aqueous solution, since it is difficult to obtain micelles
consisting of only colorimetric reagents because of the
structural balance between the lipophilic and hydrophilic
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moieties of the reagents. The boundary phase between
aqueous media and micelle is hydrophilic and/or has
electric charges, while the inner side of the micelle is
highly lipophilic. So, lipophilic colorimetric extraction
reagents can be applied to micelle systems.13–16


In this study, we synthesized crowned spirobenzopyr-
ans 1–3, which have a monoaza-12-crown-4, -15-crown-
5, or -18-crown-6 moiety, respectively, as the metal-ion
binding moiety as well as an octadecyl group as the
lipophilic moiety. Spirobenzopyran derivative 4, which
has a piperidine moiety instead of a crown ether moiety,
was also synthesized for comparison. The crowned
spirobenzopyrans were dissolved into an anionic micelle
solution for colorimetry of alkali metal ions, and our
previous study reported remarkable absorption-spectral
changes of anionic micelle solutions containing 1.17 Here
we report that the merocyanine form of the crowned
spirobenzopyran exhibits significant changes in fluor-
escence spectra in the anionic micelle solutions either at
neutral pH or in the presence of an appropriate metal ion
under alkaline conditions (as shown in the structural
formulas). Therefore, their absorption- and fluorescence-
spectral changes of micelle solutions containing 1–4were
examined in the presence of alkali metal ions.

Copyright # 2007 John Wiley & Sons, Ltd.

EXPERIMENTAL


Materials and instruments


Crowned spirobenzopyrans 1–3 and spirobenzopyran
derivative bearing piperidine moiety 4 were synthesized
in the same manner as described in a previous paper.10


Tetramethylammonium dodecylsulfate (TMADS) was
prepared by a reported procedure using sodium dode-
cylsulfate (SDS), which was purchased from Nacalai
Tesque, Inc.18 All metal salts were of analytical grade and
were purchased from Kanto Chemical Co. Ltd. Tetra-
methylammonium hydroxide (TMAOH) from Nacalai
Tesque, Inc. was used as received. Neutral Red and
quinine sulfate dihydrate were of analytical grade and
were purchased from Katayama Chemical Industries Co.
Ltd andWako Pure Chemical Industries Ltd, respectively.
Water was deionized. The absorption and fluorescence
spectra were measured with HITACHI U-2010 and
SHIMAZU Co. RF-5000, respectively.

Measurements of absorption and
fluorescence spectra


The measurement solution containing 1.5� 10�5mol dm�3


crowned spirobenzopyran and 0.01mol dm�3 TMADS
was prepared in 50ml volumetric flask and was allowed
to stand for a whole day under dark conditions. The
apparent values for pH of the micelle solutions were
adjusted by the addition of 1mol dm�3 HCl and 1.1mol
dm�3 TMAOH to 10ml of the above-mentioned
solutions. The solutions were prepared just before the
measurements. The absorption and fluorescence spectra
were measured at ambient temperature. The fluorescence
intensity of quinine solution was used as the reference.

RESULTS AND DISCUSSION


Effects of pH on absorption spectra


Spirobenzopyran derivatives 1–4 are insoluble in water
but they were soluble in anionic micelle solutions which
were prepared using TMADS. Typical absorption spectra
of the anionic micelle solutions containing 1 under
different pH conditions were shown in Fig. 1. The
spectrum of the solution showed a maximum absorption
wavelength at 521 nm under neutral-pH conditions. This
spectrum was attributed to the merocyanine form of the
spirobenzopyran moiety of 1, showing that the spir-
obenzopyran moiety of 1 isomerizes to its merocyanine
form in the anionic micelle solution at neutral pH. This is
because of the reason that protonation on the nitrogen
atom of monoaza-12-crown-4 moiety occurred in the
neutral-pH solution, resulting in the strong interaction
between the proton on the nitrogen atom and the
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Figure 1. Absorption-spectral changes of micelle solution containing 1 under (a) acidic, and (b) basic conditions.
(1)¼1.5� 10�5mol dm�3, (TMADS)¼0.01mol dm�3; apparent pH: (a) 7.0, 3.5, 3.2, 3.1, 2.7, 2.3, 2.1, 2.0, 1.7, 1.4, 1.1,
(b) 7.0, 10.5, 10.8, 11.0, 11.3, 11.7, 11.9, 12.1, 12.3, 12.7, 13.0
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phenolate anion induced by the ring opening. Under
acidic conditions (Fig. 1(a)), the absorbances at 521 nm
and at 404 nmwere decreased and increased, respectively,
with the decreasing pH. The increase in the absorbance at
404 nm is caused by protonation on the phenolate ion of
the merocyanine moiety. On the other hand, under
alkaline conditions, the maximum absorption wavelength
exhibited a bathchromic shift from 521 nm at pH 7 to
549 nm at pH 13 with the increase in pH, as shown in
Fig. 1(b). This result shows that the proton on the nitrogen
atom of monoaza-12-crown-4 moiety strongly interacts
with the phenolate ion of the merocyanine moiety at
neutral pH to withdraw electrons from the merocyanine
moiety. With increasing pH, the protonation on the
nitrogen atom is suppressed and the electron density of
the merocyanine moiety is increased to cause a bath-
ochromic shift in the absorption spectra.11,19 Similar
spectral shifts with a pH change were also observed for
the anionic micelle solution containing crowned spir-
obenzopyrans 2, 3, and 4.

Figure 2. Absorption-spectral changes of micelle solution
containing 1 and Liþ at different concentrations. (1)¼1.5�
10�5mol dm�3, (TMADS)¼ 0.01mol dm�3; pH¼ 13.
(Liþ)¼0, 2.8� 10�3, 5.5� 10�3, 8.1�10�3, 1.6�10�2,
2.4� 10�2, 3.9� 10�2, 7.6�10�2mol dm�3

Absorption-spectral change on addition
of alkali metal ion


The effects of the addition of an alkali metal ion on the
absorption spectra for crowned spirobenzopyrans were
examined for anionic micelle solutions containing
spirobenzopyran derivatives 1–4 under dark conditions.
Since the nitrogen atom on the crown ether moiety of
crowned spirobenzopyran is protonated under neutral-pH
conditions as mentioned above, the crown ether moiety
hardly forms complexes with a metal ion. Thus, the
micelle solutions were adjusted to pH 13 using TMAOH
for deprotonation on the nitrogen atom of monoazacrown
ether moiety. Tetramethylammonium ion forms no
complex with 12-crown-4, 15-crown-5, and 18-crown-6
moieties, and rarely interacts with the phenolate ion of the
merocyanine moiety.

Copyright # 2007 John Wiley & Sons, Ltd.

For the micelle solution containing 1, the absorption-
spectral change and the shift of maximum absorption
wavelength on addition of Liþ were as shown in Fig. 2
and Fig. 3, respectively. The maximum absorption
wavelength was 549 nm at pH 13 in the absence of
metal ion, and was then shifted to 523 nm. The spectral
change was accompanied by the largest hypsochromic
shift in the presence of 8.0� 10�2mol dm�3 Liþ.17


Monoaza-12-crown-4 of 1 forms stable complexes
with Liþ due to the size-fit of Liþ with monoaza-12-
crown-4. Lithium ion bound by the crown ether moiety
strongly interacts with the phenolate ion of the
merocyanine moiety because of the high charge density
of Liþ. The interaction brings about the electron
withdrawal from the merocyanine moiety, causing the
hypsochromic shift of the absorption spectra. Some shift
of the maximum absorption wavelength was observed on
the addition of Naþ, the maximum absorption wavelength
being 545 nm at the metal ion concentration of
8.0� 10�2mol dm�3. The interaction between Naþ


and the phenolate ion of the merocyanine moiety is
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Figure 3. Changes in maximum absorption wavelength of
micelle solution containing 1 in the presence of alkali metal
ion (from Ref. 17). (1)¼1.5�10�5mol dm�3, (TMADS)¼
0.01mol dm�3, (TMAOH)¼0.1mol dm�3; &: Liþ, *: Naþ,
~: Kþ, ^: Csþ (This figure is available online at www.
interscience.wiley.com/journal/poc)


Figure 4. Changes in maximum absorption wavelength of
micelle solution containing 2 in the presence of alkali metal
ion. (2)¼ 1.5�10�5mol dm�3, (TMADS)¼0.01mol dm�3,
(TMAOH)¼ 0.1mol dm�3; &: Liþ, *: Naþ, ~: Kþ, ^: Csþ


(This figure is available online at www.interscience.wiley.
com/journal/poc)
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weak due to the lower charge density than that of Liþ,
although the Naþ complex with monoaza-12-crown-4 is
as stable as Liþ complex. No shift in the maximum
absorption wavelength was observed on the additions
of Kþ and Csþ, which hardly form any complex with
monoaza-12-crown-4.


The largest shift in the maximum absorption spectra of
the micelle solution containing 2, which has a mono-
aza-15-crown-5moiety, was also observed on the addition
of Liþ, as shown in Fig. 4. Contrary to the general
understanding that monoaza-15-crown-5 forms the most
stable complex with Naþ of all alkali metal ions, the
present spectral changes might conflict with the size-fit
coccept.20 It is worth to note (Fig. 4) that the hypso-
chromic shift of maximum absorption wavelength was
already leveled off on the addition of 2.7� 10�3mol dm�3


Naþ, because monoaza-15-crown-5 of 2 forms stable
complexes with Naþ quantitatively at this concentration.
On the other hand, the hypsochromic shift in the
maximum absorption wavelength lasted with the increase
in the Liþ concentration up to 8.0� 10�2mol dm�3.
These results show that the interaction of the phenolate
ion of the merocyanine moiety with Liþ is much stronger
than that with Naþ, although monoaza-15-crown-5 forms
more stable complexes with Naþ than Liþ. That is to say,
the extent of the shifts in the maximum absorption
wavelength reflect the strength of the interaction with the
phenolate ion of the merocyanine moiety, but do not

Copyright # 2007 John Wiley & Sons, Ltd.

necessarily do the stabilities of the crown ether complexes
with the metal ions.


In the absorption-spectral changes of micelle solutions
containing 3, which has a monoaza-18-crown-6 moiety,
similar phenomena described above were typically
observed, as shown in Fig. 5. The largest hypochromic
shift was also attained in the presence of Liþ, which is not
easy to form complexes with monoaza-18-crown-6. On
the other hand, an anomalous bathochromic shift in the
maximum absorption wavelength was observed on the
addition of Kþ, which is well known to form most stable
complexes with monoaza-18-crown-6 of all the alkali
metal ions. The shift is leveled off at 2.7� 10�3mol dm�3


in Kþ. It is anticipated that some protons, which interacts
with the phenolate ion of the merocyanine moiety most
powerfully, remained on the nitrogen atom of mono-
aza-18-crown-6 at pH 13, and that the ion exchange
between the proton and Kþ formed stable monoaza-18-
crown-6 – Kþ complexes. Monoaza-18-crown-6 – Kþ


complex should rarely affect the charge density of the
merocyanine moiety and therefore its absorption spec-
trum, since Kþ hardly interacts with the phenolate ion of
the merocyanine moiety. In order to investigate the
change in the acidity constant in the anionic micelle, we
titrated Neutral Red as a pH indicator by using TMAOH
(Fig. 6). The titration curvewas shifted to the alkaline side
by about pH 2.5 in the anionic micelle solution, probably
because sulfonate anions covering the surface of the
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Figure 5. Changes in maximum absorption wavelength of
micelle solution containing 3 in the presence of alkali metal
ion. (3)¼ 1.5�10�5mol dm�3, (TMADS)¼ 0.01mol dm�3,
(TMAOH)¼ 0.1mol dm�3; &: Liþ, *: Naþ, ~: Kþ, ^: Csþ


(This figure is available online at www.interscience.wiley.
com/journal/poc)
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anionic micelle prevent approaching of hydroxide ions to
the lipophilic compound in the micelle core. The minus
logarithmic value of acid dissociation constant for
monoaza-18-crown-6 was shifted to ca. 11.5, which
shows that 3–6% of the nitrogen atom in the mono-

Figure 6. Plots of absorbance at different pH in aqueous
solutions and micelle solutions containing Neutral Red
(This figure is available online at www.interscience.wiley.
com/journal/poc)


Copyright # 2007 John Wiley & Sons, Ltd.

aza-18-crown-6 moiety of 1 is protonated even at pH 13.
For the micelle solution of compound 4, no absorption-
spectral changewas observed in the presence of any alkali
metal ion at apparent pH 13. These results demonstrate
that the absorption-spectral changes of the micelle
solution containing spirobenzopyran derivatives at pH
13 are caused by the interaction between a metal ion
bound by crown ether and the phenolate ion of the
merocyanine moiety. That is to say, the crown ether
moiety is absolutely essential for inducing the absorp-
tion-spectral change of spirobenzopyran derivatives in the
anionic micelle solution.

Effects of pH on fluorescence spectra


The anionic micelle solutions containing spirobenzo-
pyran derivatives 1–4 exhibited strong fluorescence under
neutral-pH conditions. The fluorescence spectra for the
micelle solutions containing crowned spirobenzopyran 1
under different pH conditions were examined at an
excitation wavelength of 535 nm (Fig. 7). The fluor-
escence intensity at the maximum fluorescence wave-
length was decreased with an increase of pH and was
almost quenched at pH 13. It is probably because the
photoinduced electron transfer (PET) from the nitrogen
atom of the crown ether moiety to the fluorescen-
ce-emitting merocyanine moiety reduced the fluor-
escence intensity due to the deprotonation of the nitrogen
atom at pH 13. Such a phenomenon was also observed for
the other crowned spirobenzopyrans 2 and 3. Several
reviews covering PET and photoinduced charge transfer
(PCT) have been reported for the interaction between an
electron donor site on substrate recognition moiety

Figure 7. Fluorescence-spectral change with increasing pH
of micelle solutions containing 1. Excitation wavelength is
540 nm (This figure is available online at www.interscience.
wiley.com/journal/poc)
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Figure 8. Fluorescence spectra in micelle solutions containing alkali metal ions and (a) 1, (b) 2, (c) 3, and (d) 4 at pH 13
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bearing a fluorophore and a complexed substrate, such as
metal ions and organic compounds.21–23

Fluorescence-spectral change on addition
of alkali metal ion


The changes in the relative fluorescence intensities of
crowned spirobenzopyrans 1–3 on addition of a metal ion
were examined in the anionic micelle solution at pH 13.
The fluorescence spectra of the micelle solutions
containing spirobenzopyran derivatives 1–4 in the
presence of alkali metal ions were shown in Fig. 8.
The largest increase in the fluorescence spectrum was
observed on the addition of Liþ for micelle solution
containing 1 (Fig. 8(a)). This result is in accord with the
change in the maximum absorption wavelength for the
micelle solution of 1 in the presence of Liþ (Fig. 3).
Monoaza-12-crown-4 moiety forms stable complexes
with Liþ, the nitrogen atom of monoazacrown ether
moiety tightly interacting with Liþ. Therefore, the PET
from the crown-ether nitrogen atom to the merocyanine
moiety is strongly depressed to increase the relative
fluorescence intensity. An enhancement in the fluor-
escence was also observed on the addition of Naþ which
forms the complexes with monoaza-12-crown-4, although
it was not so remarkable as the corresponding Liþ


addition system due to the lower charge density as well as
the larger ion size.


For the micelle solution containing 2, the largest
fluorescence-spectral change was observed on the
addition of Naþ [Fig. 8(b)]. Sodium ion forms the most
stable complex with monoaza-15-crown-5 moiety of 2 of
all alkali metal ions. This result, however, does not agree
with the change in the maximum absorption spectra of the
micelle solution containing 2, which exhibited the largest
change on the addition of Liþ. It is because that the
change in the maximum absorption wavelength of the
merocyanine moiety depends upon the strength of

Copyright # 2007 John Wiley & Sons, Ltd.

interaction between a metal ion and the phenolate ion
of the merocyanine moiety, thus Liþ interacting with the
phenolate ion stronger than Naþ to cause the largest
change in the maximum absorption wavelength. On the
other hand, Naþ, which forms the most stable complex
with monoaza-15-crown-5 moiety of 2, interacts most
powerfully with the nitrogen atom to suppress the PET,
should increase the fluorescence intensity, as the
fluorescence spectrum changed depending on the extent
of PET from the nitrogen atom of the crown ether moiety
to the merocyanine moiety. Such a phenomenon was also
observed for the micelle solution containing 3 (Fig. 8(c)).
The fluorescence spectra of the micelle solution contain-
ing 3 showed the largest change on the addition of Kþ,
since monoaza-18-crown-6 generally forms stable com-
plexes with Kþ selectively. In this case, Liþ hardly affects
the fluorescence spectrum for the micelle solution of 3.
This result shows that the fluorescence-spectral change is
governed by the strength of the interaction between the
metal ion and nitrogen atom of the crown ether moiety of
the crowned spirobenzopyran derivative. That is to say,
the more stable complex a metal ion forms with the
monoazacrown ether moiety, the larger the fluorescence-
spectral change is. For comparison, no fluorescence
spectral change of the micelle solution containing 4 was
observed in the presence of any alkali metal ion
(Fig. 8(d)).

Fluorescence-spectral change with
metal ion concentration


Changes in the relative fluorescence intensity at the
maximum fluorescence wavelength of the micelle
solutions containing crowned spirobenzopyrans 1–3 were
examined at different metal ion concentrations, which
were varied in the concentration range between
5.0� 10�4 and 8.0� 10�2mol dm�3 (Fig. 9). The
relative fluorescence intensities increased with increasing
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Figure 9. Changes in relative fluorescence spectra in
micelle solutions containing (&) 1 and Liþ, (*) 2 and
Naþ, (~) 3, and, Kþ at pH 13 (This figure is available online
at www.interscience.wiley.com/journal/poc)
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metal ion concentrations in all of the cases. However, the
linearly increasing concentration ranges of the relative
fluorescence intensities of the micelle solutions contain-
ing 1, 2, and 3 were 2.5� 10�3–5.0� 10�2mol dm�3


for Liþ, 5.0� 10�4–1.0� 10�2mol dm�3 for Naþ, and up
to 5.0� 10�3mol dm�3 for Kþ, respectively. Such a
difference in the linear range is dependent on the different
stabilities of the metal ion complexes of crowned
spirobenzopyrans. We tried to calculate approximate
values of complex stability constants (K) from the plots in
Fig. 9 to obtain the values as follows: logK¼ 2.2, 2.6 and
3.3 for Liþ-1, Naþ-2, and Kþ-3 complexes, respectively.
Furthermore, the plots of the relative fluorescence
intensities for Liþ-1 and Naþ-2 can be used as the
calibration curves for fluorescence analyses of these
metal ions.24


The fluorescence intensities of these micelle solutions
containing 8.0� 10�2mol dm�3 metal ion were different
from each other. It is because the extent of PET from the
electron on the crown-ether nitrogen atom governs its
fluorescence intensity. Thus, Liþ, which has the highest
charge density among the alkali metal ions, strongly
withdraws electrons on the nitrogen atom by complexing
with the monoazacrown ether moiety to suppress the PET
drastically and then to increase the fluorescence intensity
most significantly. It is supported by the result that the
fluorescence intensity of the micelle solution of Kþ-3
complex was much smaller than that of Liþ-1 complex,
although a combination of Kþ and monoaza-18-crown-6
forms much more stable complexes than that of Liþ and
monoaza-12-crown-4.

Copyright # 2007 John Wiley & Sons, Ltd.

CONCLUSIONS


Crowned spirobenzopyrans dissolved in anionic micelle
solutions, whose spirobenzopyran moieties turned out to
be their corresponding merocyanine form considerably.
This induced the significant changes in fluorescence
spectra as well as the absorption spectra in the visible
region. Their absorption- and fluorescence-spectral
behavior were strongly dependent on pH conditions of
the micelle solutions. The maximum absorption wave-
length of the micelle solutions containing crowned
spirobenzopyrans 1 showed hypsochromic shifts drasti-
cally on the addition of Liþ at pH 13 under dark
conditions. The relative fluorescence intensities of the
micelle solution containing a crowned spirobenzopyran
decreased with increasing the pH from 7 to 13. Such
fluorescence changes are caused by the photoinduced
electron transfer (PET) from the nitrogen atom of the
azacrown ether moiety to the fluorescence-emitting
merocyanine moiety. The fluorescence for the micelle
solutions containing a crowned spirobenzopyran at pH 13
was increased by the addition of an alkali metal ion,
which forms themost stable complexes with the azacrown
ether moiety of crowned spirobenzopyrans to reduce the
PET from the nitrogen atom to the merocyanine moiety.
The relative fluorescence intensities were also increased
with the concentration of the added metal ion. Thus, the
micelle solutions containing a crowned spirobenzopyran
are promising candidates as the colorimetric and
fluorimetric sensing systems for alkali metal ions.
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ABSTRACT: A new merocyanine dye, 1,3-Dimethyl-5-{(thien-2-yl)-[4-(1-piperidyl)phenyl]methylidene}-
(1H, 3H)-pyrimidine-2,4,6-trione 3, has been synthesized by condensation of 2-[4-(piperidyl)benzoyl]thiophene 1
with N,N0-dimethyl barbituric acid 2. The solvatochromic response of 3 dissolved in 26 solvents of different polarity
has been measured. The solvent-dependent long-wavelength UV/Vis spectroscopic absorption maxima, vmax, are
analyzed using the empirical Kamlet–Taft solvent parameters p� (dipolarity/polarizability), a (hydrogen-bond
donating capacity), and b (hydrogen-bond accepting ability) in terms of the well-established linear solvation energy
relationship (LSER):


~vmax ¼ ð~vmaxÞ0 þ sp� þ aaþ bb ð1Þ


The solvent independent coefficients s, a, and b and (vmax)0 have been determined. The McRae equation and the
empirical solvent polarity index, ET(30) have been also used to study the solvatochromism of 3. Copyright # 2007
John Wiley & Sons, Ltd.

KEYWORDS: LSER correlations; solvent polarity; solvatochromism; barbituric acid derivatives; push-pull system;


merocyanine dyes

INTRODUCTION


The design of new solvatochromic dyes requires a proper
understanding of their behavior in solution, and how
specific structural features affect their spectral properties
in different media. These dyes should be fulfill all criteria
for establishing solvent parameters: namely, good
spectral sensitivity, absorption in the Vis range in which
all solvents are transparent, high intensity of the
charge-transfer (CT) transition not masked by other
electronic transition, and good solubility in all organic
solvents.1


The incorporation of distinct electron-donor and
-acceptor moieties at both ends of conjugated p-systems
has long been known to induce long-wavelength UV/Vis
absorptions and emissions, both sensitive to the solvent
environment. Compounds based on this principle have
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received considerable attention in the literature.1,2 They
are attractive from several points of view, such as their
application as dyestuffs and laser dyes, their non-linear
optical properties, and their use as fluorescent sensors.3


Therefore, it is of importance to establish correlations
between the structural parameters of organic solids and
their optical properties as function of structure vari-
ations.4–19 Some of the results in this area were obtained
by our group using dipolar aromatic aminoketones of
furan and thiophene moieties which are functionalized in
the periphery of the molecule.5,6


Solvatochromic indicators displaying positive solva-
tochromism show smaller specific interaction and are
therefore generally better suited for the description of
solvent polarity parameters in terms of unspecific
electrostatic interactions.15b


Merocyanines seem especially promising candidates as
solvatochromic dyes owing to their electronic structure.1


The ground-state electronic structure of merocyanine
dyes having a push-pull system can be described in terms
of a two-state valence-bond model. This model assumes
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resonance between neutral and zwitterionic molecular
structures and provides a useful qualitative interpretation
of their solvatochromism and bond-length alternation
phenomena.1,4


Quantum yield modulation for formation of the
lowest-energy, excited triplet state by insertion of
different heteroatoms in the terminal aromatic and
barbiturate subunits of merocyanine dyes were repor-
ted.20 This strategy not only affects the rate of intersystem
crossing from singlet to triplet levels but also modifies the
lipophilicity of the dye and, thereby, the rate of uptake by
intact biological cells.


Therefore, we intended to prepare 1,3-Dimethyl-
5-{(thien-2-yl)-[4-(1-piperidyl)phenyl] methylidene}-(1H,
3H)-pyrimidine-2,4,6-trione 3 as a particular model
compound of merocyanine dyes, in order to establish
the strong positive solvatochromic effect for this special
type of merocyanines containing specific electron-donor
thienyl and piperidyl substituents (Scheme 1).


The objective is to investigate the solvent influence on
the UV/Vis spectral changes of 3 to check its suitability
as a probe for optical chemical sensor, laser dye and
optoelectronic applications.


The well-established Kamlet–Taft LSE relation-
ship,21–30 the McRae equation31,32 and the empirical
solvent polarity index, ET (30)1 have been used to study
its solvatochromism.

Scheme 1. Synthesis of 3


Copyright # 2007 John Wiley & Sons, Ltd.

RESULTS AND DISCUSSION


The pronounced positive solvatochromism of the long-
est-wavelength UV/Vis absorption bands of 3 is
noteworthy.


Compound 3 shows four bands in the wavelength
regions l¼ 288–301, 344–384, 406–505, and 500–
587 nm called lmax I, lmax II, lmax III, and lmax IV,
respectively (Fig. 1 and Table 1).


The longest-wavelength Vis band appearing in the
wavelength range of 500–587 nm (lmax IV) is the most
sensitive band towards the nature of the organic solvent.
The corresponding vmax values were used in the
correlation analysis. Solvents are used with wide-ranging
properties for which a, b, and p� are known.24,27


On going from cyclohexane to formamide as solvent, a
bathochromic shift of Dl¼ 87 nm (Dv¼ 2960 cm�1) is
observed (Fig. 1 and Table 1). The large positive
solvatochromism of the long-wavelength Vis band of 3
is in agreement with a distinct intramolecular CT character
of its S0!S1 electronic transition, going from a less dipolar
ground to a highly dipolar excited state (mE > mG).


The solvatochromic behavior of 3 is caused by the
intramolecular CT from the electron-donor piperidino
and thienyl groups to the electron-accepting carbonyl
groups. The strong electron-pushing piperidino group can
raise the HOMO energy level of 3. Therefore, the
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Figure 1. [a] UV/Vis absorption spectra of 3 measured in seven different solvents, i.e. cyclohexane (CH), dichloromethane
(DCM), toluene (Tol), 1,2-dichloroethane (DCE), water, ethane-1,2-diol (EG), and formamide at 258C. [b] Photograph of the
color changes of 3 dissolved in the same seven solvents


266 M. EL-SAYED AND S. SPANGE

intramolecular charge transfer band of 3 shifts to the
longer wavelength.


To determine the respective contributions of the
various solvent properties on vmax, a simplified form of
the Kamlet–Taft LSER was used. The simplified Kamlet–
Taft equation applied to single solvatochromic shifts,
XYZ¼ 1/lmax¼ vmax (probe),1,24–27 is given in Eqn. (1).


XYZ ¼ ðXYZÞ0 þ aaþ bbþ sðp� þ ddÞ (2)


(XYZ)0 is the property of the solute under study
measured in a reference medium, for example, in a
non-polar solvent or in the gas phase, a describes the
hydrogen-bond donating (HBD) ability or acidity, b the
hydrogen-bond accepting (HBA) ability or basicity, and
p� the dipolarity/polarizability of the respective solvent. d
is a polarizability correction term, which is 1.0 for
aromatics, 0.5 for polyhalogenated, and zero for aliphatic

Copyright # 2007 John Wiley & Sons, Ltd.

solvents; a, b, s, and d are solvent-independent
correlation coefficients.1,24


The calculated LSER shows a high quality in particular
as indicated by correlation coefficients larger than
r¼ 0.90 of ~vmax with a, b, and p�, respectively (See
Fig. 2a).


The multiple square analyses of the wave number of the
longest-wavelength Vis absorption bands of 3 has been
made from the data of Table 1 and are given by Equations
(3) and (4); vmax is expressed in cm�1; r: correlation
coefficient, SD: standard deviation, n: number of solvents,
F: significance.


vmax � 10�3½3� ¼ 20:031 � 0:827a� 0:531b� 1:935p�


r ¼ 0:933 n ¼ 25 SD ¼ 0:293 F < 0:0001


(3)
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Table 1. UV/Vis absorption maxima, ~vmax, of 3 measured in 26 solvents1 of different polarity and hydrogen-bond ability


Solvent


~vmax


I (10�3 cm�1)


~vmax


II (10�3 cm�1)


~vmax


III (10�3 cm�1)


~vmax


IV (10�3 cm�1) a b p�


Cyclohexane 34.72 29.04 — 20.00 0.00 0.00 0.00
p-Xylene — 28.49 22.27 19.34 0.00 0.12 0.43
Ethyl acetate — 28.49 — 19.12 0.00 0.45 0.55
Toluene 34.36 28.09 22.99 19.05 0.00 0.11 0.54
Benzene — 28.17 — 18.94 0.00 0.10 0.59
Tetrahydrofuran — 28.33 — 18.80 0.00 0.55 0.58
Methoxybenzene — 27.78 — 18.55 0.00 0.32 0.73
Acetonitrile — 26.81 — 18.32 0.19 0.40 0.75
Tetramethyl urea — 26.25 20.12 18.28 0.00 0.80 0.83
1,2-Dichloroethane 34.60 27.32 23.20 18.12 0.00 0.10 0.81
N,N-Dimethylformamide 34.36 27.40 20.00 18.12 0.00 0.69 0.88
Pyridine 33.22 27.47 19.80 18.12 0.00 0.64 0.87
4-Butyrolactone2 — 27.32 20.08 18.12 0.00 0.49 0.87
Nitromethane 34.48 26.18 — 18.08 0.22 0.06 0.85
Dichloromethane 34.60 27.32 23.20 18.02 0.13 0.10 0.82
Dimethylsulfoxide 34.13 27.10 19.84 17.76 0.00 0.76 1.00
1,1,2,2-Tetrachloroethane — 27.17 — 17.70 0.00 0.00 0.95
1,1,1,3,3,3-Hexafluoropropan-2-ol 34.60 30.40 24.63 17.64 1.96 0.00 0.65
Propan-2-ol — 27.40 — 17.57 0.76 0.84 0.48
Ethanol — 27.17 — 17.42 0.86 0.75 0.54
Acetic acid — 26.95 — 17.42 1.12 0.45 0.64
Mercaptoacetic acid 33.44 30.40 — 17.42 — — —
2,2,2-Trifluoroethanol 34.13 26.04 — 17.27 1.51 0.00 0.73
Water 34.60 — 22.68 17.15 1.17 0.47 1.09
Ethane-1,2-diol 34.72 — 22.62 17.09 0.90 0.52 0.92
Formamide 34.13 — 22.57 17.04 0.71 0.48 0.97


1a, b and p� for all solvents were taken from reference 27.
2Solvatochromic parameters for this solvent were taken from reference 24.
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vmax � 10�3½3� ¼ 19:949 � 0:804a� 2:104p�
r ¼ 0:913 n ¼ 25 SD ¼ 0:325


F < 0:0001


(4)


It is clear from these Equations that the changes of
vmax induced by HBD and non-HBD solvents show an
excellent linear dependence on the p� and a
parameters.


The influence of the solvents dipolarity/polarizability
overcomes the solute-solvent hydrogen- bond inter-
actions. However, the contribution of the a term to
the Vis band shift ~vmax [3] is not so strong, because
coefficient a is significantly smaller than coefficient s.
The b term can be neglected as shown by Eqn. (4)
compared to Eqn. (3).


vmax � 10�3½3� ¼ 20:260 þ 0:168b� 2:542p�


r ¼ 0:980 n ¼ 14 SD ¼ 0:143 F < 0:0001


(5)


vmax � 10�3½3� ¼ 20:253 � 2:443p�


r ¼ 0:978 n ¼ 14 SD ¼ 0:144 F < 0:0001


(6)

Copyright # 2007 John Wiley & Sons, Ltd.

In non-HBD solvents (a¼ 0), the correlation coeffi-
cient r is improved according to Eqn. (5). Neglecting
again the less important b-term leads to Eqn. (6) and a
good linear correlation is even obtained with the single
parameter p� only.


Also, the McRae equation was used to express the
solvatochromic shift of 3 in this work:31,32


n� n0 ¼ cð~n� ~n0Þ ¼ A
n


2 � 1


2n
2 þ 1


" #
þ B


"
r
� 1


"r þ 2
� n


2 � 1


n
2 þ 2


" #


(7)


where v and v0 is the frequency of the transition of the dye
in a given solvent and in a vacuum, respectively, er is the
relative permittivity of the solvent, n is the refractive
index of the solvent, and c is the velocity of light.


The constant v0 is obtained, together with A and B, by
linear regression of the vmax of 3 measured in 15 non-HBD
solvents. The calculated values of n0, A, and B were 23289,
�17865 and �2471 cm�1, respectively, with a correlation
coefficient of 0.933 and standard deviation 240 cm�1 for
the regression analysis. Figure 2b compares the exper-
imental wavenumber values for these solvents with those
calculated with the regression values of n0, A and B.
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Figure 2. Relationship between calculated and measured nmax values for 3 dissolved in: [a] 25 solvents of different polarity and
hydrogen bond ability, according to Eqn (3) and [b] 15 non-HBD solvents, obtained from data fitted to Eqn (7)
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ET (30) scale develop by Reichardt1 was also used to
estimate the solvent-solute interactions on electronic
transitions for 3.


vmax � 10�3½3� ¼ 21:343 � 0:072 ETð30Þ
r ¼ 0:867 n ¼ 25


SD ¼ 0:389 F < 0:0001


(8)

Copyright # 2007 John Wiley & Sons, Ltd.

As expected, Fig. 3 and Eqn. 8 show a non-perfect
linear correlation in a plot of the CT transition energies of
3 vs. ET(30) values, when the full range of employed
solvents is considered. This is because the solvatochromic
shifts of Reichardt’s betaine, which is the molecular probe
used for ET(30) scale results from a blend of dipolarity/
polarizability and acidity contributions, whose pro-
portions are, in a way, unique for each compound.
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Figure 3. Solvatochromic shifts in wavenumber values vmax of 3 dissolved in 25 solvents of different polarity and hydrogen
bond ability as a function of ET (30) values of the same solvents
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The negative slope observed for 3 indicate that it
follows the opposite pattern as the Reichardt’s betaine,
which is the molecular probe used for ET(30) scale.


In non-HBD solvents (a¼ 0), the correlation coeffi-
cient r is slightly improved according to Eqn. (9).


vmax � 10�3½3� ¼ 23:718 � 0:134 ETð30Þ
r ¼ 0:881 n ¼ 14 SD ¼ 0:325


F < 0:0001


(9)

CONCLUSION


The synthesis and solvatochromism of 3 were reported.
This compound reflects solvent influence by manifold
shifts of its absorption band in the UV/Vis spectrum. The
LSE analyses show that dipolarity/polarizability inter-
actions preferably contribute to the solvent induced color
change. The internal dipolarity of 3 arises because of the
presence of zwitterionic resonance forms generated upon
electron donation from the piperidinophenyl group to the
keto groups of the barbiturate acceptor. The introduction
of thienyl and piperidyl functionalities at the periphery of
pyrimidinetrione system of barbituric acid are expected to
change solid-state structures in relation to UV/Vis
absorption properties, which makes this kind of
compounds promising for investigating chromophores
in terms of environmental effects relating to optical
properties for application.

Copyright # 2007 John Wiley & Sons, Ltd.

EXPERIMENTAL SECTION


Materials


Solvents from Merck, Fluka, Lancaster, Uvasol, and
Aldrich were redistilled over appropriate drying agents
prior to use.1a,33 The N,N0-dimethyl barbituric acid, purity
>99%, was used as received.

Spectral measurement


The UV/Vis absorption spectra were recorded at 25 8C by
means of the UV/Vis MCS 400 diode-array spectropho-
tometer from Carl Zeiss, Jena, connected with an
immersion cell (TSM 5) via glass-fiber optics. NMR
measurements were recorded at 208C on a VARIAN
GEMINI 300 FT NMR spectrometer, operating at
300 MHz for 1H and 75 MHz for 13C. The signals of
the solvent (CDCl3) were used as internal standards. C, H,
N quantitative analysis was performed with a Vario–EL
from the company Elementaranalysen GmbH, Hanau.
Electrospray ionization mass spectra were obtained with a
Finnigan MATSSQ 710 spectrometer.

Correlation analysis


Multiple regression analysis was performed with the
Origin 5.0 statistic programs.
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1,3-DIMETHYL-5-{(THIEN-2-YL)-[4-(1-
PIPERIDYL)PHENYL]METHYLIDENE}-
(1H,3H )- PYRIMIDINE-2,4,6-TRIONE 3


The synthesis of 2-[4-(piperidyl)benzoyl]thiophene (1)
has been reported elsewhere.6,34


To a solution of 1 (2.72 g, 10 mmol) and N,N0-dimethyl
barbituric acid 2 (1.56 g, 10 mmol) in acetic acid (10 mL)
was added acetic anhydride (5 mL). The mixture was
refluxed overnight followed by removal of the solvent in a
rotary evaporator. The residue was dissolved in dichlor-
omethane (100 mL) and washed three times with 100 mL
of 10% aqueous Na2CO3 solution and finally with water.
The organic phase was dried with anhydrous Na2SO4 and
then evaporated. The crude product was purified by
chromatography with silica gel column and 1,2-
dichloroethane as eluent, to give 2.20 g (54%) of 3 as
red plates with m.p. 225 8C.


C22H23N3O3S (409.50) (calcd. C 64.53%; H 5.66%; N
10.26%; S 7.83% found: C 64.16%; H 5.52%; N 10.18%;
S 7.96%); MS (ESI), m/z¼ 410.0 [Mþþ 1]; 1H-NMR
(CDCl3): d¼ 7.87 (d, J¼ 8.79 Hz, 2H, ArH-2,6), 7.61 (dd,
J¼ 4.94, 6.04 Hz, 2H, ThH-30,40), 7.11 (t, J¼ 4.94 Hz,
1H, ThH-50), 6.65 (d, J¼ 8.79 Hz, 2H, ArH-3,5), 3.39 (t,
J¼ 7.69 Hz, 4H, NCH2), 3.01 (s, 6H, NCH3), 1.62 (dd,
J¼ 7.69, 14.28 Hz, 4H, NCH2CH2); 1.37 (m, 2H,
NCH2CH2CH2);


13C-NMR (CDCl3): d¼ 169.8 (2 C¼
O), 161.5 (1 C¼O), 155.5 (ArC-4), 150.4 (benzal C),
144.1 (ThC-20), 137.9 (ArC-2,6), 135.0 (ThC-30), 131.7
(ThC-50), 127.5 (ArC-1), 128.4 (ThC-40), 112.3
(ArC-3,5), 96.2 (barbituric C-5), 48.4 (NCH2), 28.9
(NCH3), 25.0 (NCH2CH2), 24.6 (NCH2CH2CH2).
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15. (a) Bäuerle P, Würthner F, Heid S. Angew. Chem., Int. Ed. Engl.
1990; 29: 419–420; (b) Effenberger F, Würthner F. Angew. Chem.,
Int. Ed. Engl. 1993; 32: 719–721; (c) Würthner F, Wortmann R,
Meerholz K. Chem. Phys. Chem. 2002; 3: 17–31.


16. Horn D, Rieger J. Angew. Chem., Int. Ed. Engl. 2001; 40:
4330–4361, and references cited therein.


17. Tykwinski RR, Kamada K, Bykowski D, Hegmann FA, Hinkle RJ.
J. Opt. A: Pure Appl. Opt. 2002; 4: 202–206.


18. (a) Mataga N, Kubota T. Molecular Interactions and Electronic
Spectra. M. Dekker: New York, 1970; (b) Lehn J-M. Supramole-
cular Chemistry. VCH: Weinheim, 1995.


19. Lacroix PG, Daran J-C, Cassoux P. New J. Chem. 1998; 22:
1085–1091.


20. Benniston AC, Gulliya KS, Harriman A. J. Chem. Soc., Faraday
Trans. 1997; 93: 2491–2501.


21. Kamlet MJ, Taft RW. J. Am. Chem. Soc. 1976; 98: 377–383.
22. Taft RW, Kamlet MJ. J. Am. Chem. Soc. 1976; 98: 2886–2894.
23. Kamlet MJ, Abboud HJ-LM, Taft RW. J. Am. Chem. Soc. 1977; 99:


6027–6038.
24. Kamlet MJ, Abboud HJ-LM, Abraham MH, Taft RW. J. Org.


Chem. 1983; 48: 2877–2887.
25. Kamlet MJ. Prog. Phys. Org. Chem. 1993; 19: 295–317.
26. Abraham MH, Chadha HS, Whiting GS, Mitchell RC. J. Pharm.


Sci. 1994; 83: 1085–1100.
27. Marcus Y. Chem. Soc. Rev. 1993; 22: 409–416.
28. Kamlet MJ, Abraham MH, Doherty RM, Taft RW. J. Am. Chem.


Soc. 1984; 106: 464–466.
29. Kamlet MJ, Doherty RM, Abraham MH, Marcus Y, Taft RW.


J. Phys. Chem. 1988; 92: 5244–5255.
30. Kamlet MJ, Doherty RM, Carr PW, Mackay D, Abraham MH, Taft


RW. Environ. Sci. Technol. 1988; 22: 503–509.
31. McRae EG. J. Phys. Chem. 1957; 61: 562–572.
32. Paley MS, Meehan EJ, Smith CD, Rosenberg FE, Howard SC,


Harris JM. J. Org. Chem. 1989; 54: 3432–3436.
33. Perrin DD, Armarego WLF. Purification of Laboratory Chemicals,


3rd ed. Pergamon Press: Oxford, 1988.
34. Stefancich G, Silvestri R, Retico A, Artico M, Simonetti G. Arch.


Pharm. (Weinheim, Germ.) 1992; 325: 199–204.

J. Phys. Org. Chem. 2007; 20: 264–270


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 1–10
Published online in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1121

Review


SNi fragmentations of alkoxychlorocarbenes – a
perspective

Robert A. Moss,* Xiaolin Fu and Ronald R. Sauers


Department of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey, New Brunswick, New Jersey, 08903, USA


Received 28 July 2006; accepted 1 August 2006

O


Cl
S=OC


2              


*Correspondence
Chemical Biolog
USA.
E-mail: moss@ru


Copyright # 20

ABSTRACT: After a review of the early literature concerning SNi fragmentations of alkyl chlorosulfites and
chloroformates, we present experimental and computational results for the SNi fragmentations of alkoxychlorocar-
benes. Examples include cyclohexyloxychlorocarbene, 7-norbornyloxychlorocarbene, 3-nortricyclyloxychlorocarbene,
exo-5-norbornenyl-2-oxychlorocarbene, and endo-5-norbornenyl-2-oxychlorocarbene. Computations generate a
‘family’ of closely related charge-separated SNi structures which approximate asynchronous, polar, concerted
transition states and tight, short-lived ion pair intermediates. The precise description and behavior of these
species in a given reaction depends on the identities of the alkyl group, the potential counterion, and the solvent.
Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


The designation SNi (substitution, nucleophilic, internal)
was early applied to the conversion of an alcohol by
thionyl chloride to an alkyl chloride with stereochemical
retention.1 This transformation was depicted as proceed-
ing via a 4-center rearrangement of an intermediate alkyl
chlorosulfite (1); eqn (1).1


OH
O


Cl
ClC SO CC (1)


1


+ SO2


It was also noted that a similar analysis applied to the
thermal decomposition of alkyl chloroformates in the


absence of base, which also gave alkyl chlorides with
retention of configuration.1b


Early physical organic chemistry textbooks offered
concerted mechanisms for the decomposition of 1, as in
Hine’s representation (2),2 although it was recognized
that ionic character was often attached to SNi reactions.

O


O
O


OO RC S
Cl


++


                          3                                       4                          5    


_


ROS+ Cl-
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Thus, Hughes and Ingold had already noted that
the SNi decomposition of alkyl chlorosulfites involved
competition with both SN2 and SN1 mechanisms, as
shown in Scheme 1.1


In this scheme, the addition of pyridine liberated
chloride for an inverting SN2 attack on ROSOPyþ or
ROSOCl, whereas ionization to a carbocation and an
ensuing SN1 reaction competed in the absence of base and
in a good ionizing solvent, especially if the R group
supported ionization (e.g., a-phenylethyl).1


Cram proposed that SNi and SN1 reactions both
involved initial ionization to ion pairs.3 In the SNi
variation, a complex anion (e.g., SO2Cl


�) afforded a
daughter anion (Cl�) which led to product more rapidly
than competing modes of nucleophilic attack.3 Gould’s4


textbook emphasized this point, modifying the 4-center
transition state for chlorosulfite fragmentation (2) to
reflect ion pair character, as in intermediate 3.


Lewis and Boozer5 made a careful stereochemical and
kinetics study of the decomposition of secondary alkyl
chlorosulfites in a variety of solvents. The reactions were
first order in either ethereal (e.g., dioxane) or non-ethereal
solvents (e.g., toluene), with stereochemical retention in the
former and inversion in the latter. They suggested5b an
initial S—Cl cleavage to ion pair 4, as postulated byHughes
and Ingold (Scheme 1).1 In dioxane, rear-side solvation of
4 would lead to loss of SO2 and formation of the oxonium
ion (5), which would ‘invert’ the stereochemistry at the
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chiral center. Subsequent inverting attack on 5 by Cl�


would then afford RCl with overall retention, that is, two
inversions lead to retention. Solvents like toluene, however,
would not attack ion pair 4, and rear-side substitution
by Cl� directly on RSOþ


2 would give inverted RCl.5b


Hine2 and Gould4 also consider SNi reactions on alkyl
chloroformates,1 with Gould offering 4-center ion pair
intermediate 6. Studies of a-arylethyl chloroformates by
Wiberg and Shyrne6 accord with this formulation. The
conversions of these substrates to a-arylethyl chlorides
occur with retention in either dioxane or toluene with r
values of �3.86 or �3.56, respectively.6


O
Me


O


Cl


Me


O


Cl


ArCH


Cl
C C=O S=OC=O


+                              +


7 8


_


+ _


6


_ PhCH


Formation of an a-arylmethyl cation chloroformate anion
ion pair (7) is considered the rate-limiting step, with
subsequent breakdown of the anion to Cl� and CO2.


6


Indeed, the reaction of a-phenylethanol with SOCl2 also
gives the chloride with retention in either solvent,6 as was
recognized by Hughes and Ingold,1 for which one can
draw the analogous ion pair (8). In a related experiment,
Lewis et al.7 found that the gas phase decomposition of
2-butyl chloroformate gave 2-chlorobutanewith complete
retention of configuration. Because ionic character should
be suppressed in the gas phase, the stereochemical
outcome was attributed to a 4-center cyclic transition
state.7


Subsequent years witnessed waning interest in ‘classi-
cal’ SNi reactions. For example, the SNi mechanism is not
explicitly considered in the well-known textbooks by
Lowry and Richardson,8 Carey and Sundberg,9 Carroll,10


or Ansyln and Dougherty.11 Only March presents a brief
mechanistic discussion of the SNi reaction.


12 It is also
ironic that many undergraduate organic chemistry text-
books discuss the reaction of alcohols with thionyl
chloride, and the associated stereochemistry, without
mentioning the SNi designation.


More recently, important contributions were made by
Schreiner, Schleyer, and Hill.13,14 Noting that the

Copyright # 2007 John Wiley & Sons, Ltd.

concerted 4-center front-side mechanism (2) is at least
formally forbidden by the Woodward–Hoffmann rules,
they presented ion pair mechanisms for alkyl
chlorosulfite SNi reactions. In their view, primary
ROSOCl ionize to alkylsulfinyl cations (ROSOþ)
and Cl� in a rate-determining step, followed by Cl�


attack at either the front or back side of the cation in the
subsequent product determining step. Tertiary ROSOCl,
in contrast, ionize directly to carbocations and chlor-
osulfinyl anions (Rþ�OSOCl), with subsequent reaction
of Rþ and Cl� (derived from �OSOCl). Secondary
ROSOCl may ionize in either fashion, depending on the
structure of R and the solvent polarity.13


Schreiner et al. propose differentiating ‘SN2-like’ and
‘SN1-like’ SNi mechanisms, as illustrated in Schemes 2
and 3. In the ‘SN2i’ mechanism of Scheme 2, a primary
alkyl chlorosulfite ionizes to ROSOþ and Cl�, followed
by Cl� attack on the cation from either the back side
(TS 9) or the front side (TS 10), affording RCl with
inversion or retention, respectively.


In the ‘SN1i’ mechanism of Scheme 3, a tertiary alkyl
chlorosulfite (R¼ t-butyl or 1-adamantyl) fragments to a
tertiary carbocation and OSOCl�. The anion yields Cl�,
which can then attack the carbocation at either face
(cf., 11), giving RCl with significant racemization.
Depending on the structure of R and the solvent polarity,
which affect the lifetimes of the ions, more or less
retention may be superimposed on the racemization.

H


C
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Evidence for the SN2i process of Scheme 2 includes the
formation of unrearranged neopentyl chloride from
neopentyl chlorosulfite and the (slow) formation of
apocamphanyl chloride from the corresponding chlor-
osultfite. Both of these conversions are presumed to
involve initial S—Cl ionizations and subsequent front
side transition states analogous to 10.13


Schreiner et al. also computed transition states for
the SNi reactions of methyl and ethyl chlorosulfite
[MP2(fc)/6-31þG�//HF/6-31G�].14 Both front and back
side transition states were computed for the attack of Cl�


on ROSOþ. For R¼Me in simulated hexane, front side
was favored over back side attack by 4 kcal/mol, whereas,
in simulated methanol, back side Cl� attack was preferred
by a similar margin. With R¼Et, however, front side
chloride attack was favored in both polar and non-polar
solvents.14 It is worth reproducing the computed

Figure 1. Transition states for the front side (left) and back side
permission from ref. 14; copyright 1994 American Chemical Soc
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transition states for the ethyl chlorosulfite decompositions
for later comparison to the fragmentation transitions
states of alkoxychlorocarbenes.

SNi REACTIONS OF
ALKOXYCHLOROCARBENES


We have examined the fragmentations of alkoxychlor-
ocarbenes (ROCCl) as a means of generating (Rþ Cl�)
ion pairs in various solvents:15,16


RO


N


N


Cl
ROCCl  R+ OC Cl- -CO


-N2


RCl
hν ..


Computational studies at the B3LYP/6-31G� level
afforded transition states which were consistent with
the ‘tight’ ion pairs suggested by experiment and, in the
limit, approached structures associated with the classical
SNi mechanism.1,17 For example, the computed front side
TS for the fragmentation of EtOCCl is shown in Fig. 2,17


where the similarity to the front side TS for the
fragmentation of EtOSOCl (Fig. 114) is apparent. Note
especially the separations of the CH2 carbon and Cl
(3.10 Å) and O (2.23 Å) for the carbene fragmentation of
Fig. 2, in comparison to the analogous distances (2.93 Å
and 2.41 Å) for the EtOSOCl fragmentation of Fig. 1. The
C—O bond length (r3) in Fig. 2 is 1.16 Å, en route to the
CO bond length of 1.128 Å.17 In parallel, the (internal)
S—O bond length of EtOSOCl (1.58 Å) contracts to
1.45 Å in the front side TS of Fig. 1.14 (We were unable to
locate a back side fragmentation TS for EtOCCl.)

(right) fragmentations of ethyl chlorosulfite. (Reprinted with
iety)
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Figure 2. Computed TS for the front side fragmentation of
EtOCCl: r1¼2.227 Å, r2¼ 3.102 Å, r3¼1.162 Å, r4¼
2.589 Å, a¼117.78. (Reprinted with permission from ref.
17; copyright 1999 American Chemical Society)
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The fragmentations of ROCCl to RCl also closely
resemble the SNi decompositions of alkyl chloroformates
to alkyl chlorides (cf., structures 6–8):1,6,7 CO is expelled
from the carbenes, whereas CO2 is expelled from the
chloroformates. Indeed, when the R group affords a
relatively stable cabocation and the solvent is polar,
identical RþCl� ion pairs arise from either the alkoxy-
chlorocarbene or the alkyl chloroformate. For example,
fragmentations in MeOH/CH2Cl2 of 3-homoadamantyl
chloroformate (12) or 3-homoadamantyloxychlorocarbene
(13) give the same 3-homoadamantyl cation chloride


anion pair (14).18 Identical ROMe/RCl product ratios were
obtained from either precursor,18 and the time required for
equilibration of the ion pair with its solvent cage was
determined to be �20–30 ps by laser flash photolysis
experiments.19,20


Of special note are the very low activation energies
required for the carbene fragmentations. B3LYP/6-31G�


values for the fragmentations of ROCCl in vacuum are
only 9.2 kcal/mol with R¼ i-propyl and 6.7 kcal/mol with
R¼ benzyl. Even with R¼ ethyl (Fig. 2), front side
fragmentation is calculated to require 25.5 kcal/mol in
vacuum and 17.9 kcal/mol in simulated methanol.
Experimental results are in accord with the calculations.
For instance, the measured activation energy for
fragmentation of 1-norbornyloxychlorocarbene (15) to
1-norbornyl chloride in dichloroethane is only 9.0 kcal/
mol.21 An even lower Ea of 3.5 kcal/mol was determined
for the conversion of 7-norbornyloxychlorocarbene to
7-norbornyl chloride.22

Copyright # 2007 John Wiley & Sons, Ltd.

Given the low activation energies for the fragmenta-
tions of ROCCl to RCl, it is not surprising that these
reactions readily occur in hydrocarbon solvents.23 It is
under such conditions, particularly with secondary
ROCCl, that experimental and computational studies
point to fragmentation mechanisms that closely approach
the classical SNi paradigm.1 To illustrate this, wewill now
discuss several specific reaction systems.

THE CYCLOHEXYL SYSTEM


Cyclohexyloxychlorocarbene (16), generated from dia-
zirine 17 by photolysis in pentane, gave 53% of
cyclohexyl chloride and 42% of cyclohexene.23 The
substitution branch of this reaction seemed a propitious
place to prospect for the SNi mechanism, and it was
examined with B3LYP/6-31G(d) methodology.24 We
located two transition states for the fragmentation of
equatorial 16 to cyclohexyl chloride; cf., Fig. 3.


OCCl
N


NO


Cl


..


16 17


One TS led with inversion to axial cyclohexyl chloride
via a back side attack, whereas the second TS led with
retention to equatorial cyclohexyl chloride via a front side
process. Importantly, intrinsic reaction coordinate (IRC)
calculations revealed no minima between the TS and
product for either pathway (see below); both appeared to
be direct SNi-like processes. Moreover, they were nearly
isoenthalpic: the calculated values of DHz were 17.0 kcal/
mol for the inversion pathway and 17.9 kcal/mol for
retention.24,25


It is worthwhile noting the similarities in the essential
C—O and C—Cl separations in the front side and back
side transition states computed for the fragmentations of
carbene 16 (Fig. 3) and ethyl chlorosulfite (Fig. 1).
Furthermore, the near identical enthalpies of activation
calculated for the two fragmentation modes of 16 imply
that both should occur with comparable frequency. We
therefore predict that a stereochemically-labeled equa-
torial cyclohexyloxychlorocarbene should fragment in
vacuum or in a hydrocarbon solvent with a significant loss
of stereospecificity. Indeed, the fragmentation of trans-4-
methylcyclohexyloxychlorocarbene (18) in pentane gave
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Figure 3. B3LYP/6-31G(d) transition states for the fragmentation of cyclohexyloxychlorocarbene (16) to cyclohexyl chloride
with inversion (left) or retention (right). (Reprinted with permission from ref. 24; copyright 2005 American Chemical Society)
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trans-1-chloro-4-methylcyclohexane (19) and cis-1-
chloro-4-methylcyclohexane (20) in a ratio of 2.3:1.24


Similar results were obtained in the fragmentation of
D-labeled 7-norbornyloxychlorocarbene (21).22 Again,
computational studies located inversion and


retention SNi-type transition states leading to 7-norbornyl
chloride isotopomers 22 and 23 (Fig. 4). IRC calculations
verified that each TS proceeded to product in the forward
direction and returned to carbene 21 in the reverse
direction; there was no indication of an intermediate.


Computed DHz values for each pathway were
comparable, with DHz (inversion)¼ 22.2 and DHz


(retention)¼ 23.3 kcal/mol in vacuum. (We do not believe
the accuracy of these calculations exceeds� 1 kcal/mol).
Experimentally, the fragmentation of carbene 21 in
CDCl3 gave chlorides 23 and 22 in a ratio of 3.5:1,

Figure 4. B3LYP/6-31G(d) transition states for the fragmen-
tations (in vacuum) of carbene 21 to chlorides 22 with
inversion (left) and 23 with retention (right). The deuterium
marker is omitted from the computed structures. (Reprinted
from ref. 22 with permission of the National Research
Council of Canada)
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corresponding to 78% retention and 22% inversion.22 The
loss of stereospecificity can be attributed to competitive
fragmentations via the retention or inversion transition
states of Fig. 4.22 Less likely, in view of the high energy of
the 7-norbornyl cation, is the intervention of ion pairs as
agents of stereochemical randomization.


To further explore these phenomena, we turned to the
nortricyclyl-norbornenyl system, where the relation
between product distribution and ion pair intervention
has been extensively studied.26

THE NORTRICYCLYL-NORBORNENYL
SYSTEM


The nortricyclyl cation (24) and the 5-norbornen-2-yl
cation (25) are generally regarded as canonical forms of a
single resonance hybrid with a structure close to 24.27


Accordingly, solvolyses of either nortricyclyl or 5-
norbornen-2-yl sulfonates, as well as deaminations of
the corresponding amines, afford similar product mix-
tures dominated by the nortricyclyl product, usually with
a nortricyclyl/norbornenyl distribution of �90:10.26


Although a single nortricyclyl/norbornenyl cationic
intermediate adequately accounts for the products, Olah28


notes an important qualification: the cation normally
arises as part of an ion pair, and the precise nature of the
cation ‘clearly depends on the degree of ionization, the
acid strength, the nucleophilicity of the solvent system,
and possible ion pair effects.’ In this regard, we might
expect the product distributions from norbornenyl and
nortricyclyl reactants to exhibit increasing ‘memory’ of
precursor structure as the key ‘intermediate’ of the reac-
tion mechanism morphs from a fully solvated cation,
to a cation anion pair, to a SNi transition state. These
considerations are well-illustrated by the fragmentations
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of 3-nortricyclyl and 5-norbornen-2-yl oxychlorocar-
benes.


Fragmentation of 3-nortricyclyloxychlorocarbene 26
(from the diazirine) in pentane gives only 3-nortricyclyl
chloride (27); no (exo) 5-norbornen-2-yl chloride (28) is
formed.26 Repetition of this reaction in cyclohexane-d12
also gives 27, accompanied by traces of 28.24 When
carbene 26 is enriched in the (S) enantiomer (ee¼


46.5%), stereochemical analysis of chloride 27
indicates that the conversion proceeds with 91–96%
racemization; product 27 contains only a slight excess
of the (S)- enantionmer.24 What causes the extensive
racemization?


Computational studies afford both retention and inver-
sion transition states for the fragmentation of carbene 26;
cf., Fig. 5. The calculated activation parameters24,26 are:
retention, DGz ¼ 12.0 and DHz ¼ 14.2 kcal/mol; inver-
sion, DGz ¼ 11.1 and DHz ¼ 14.8 kcal/mol. Again, both
pathways are energetically comparable and should be
competitive. Given the absence of norbornenyl chloride
28, indicating that ion pairs do not intervene,26 the
conversion of (S)-26 to near racemic 27 seems best
attributed to competitive SNi fragmentations proceeding
via the two nearly isoenergetic transition states of
Fig. 5.24,26


Interestingly, in more polar CDCl3 or CD3CN solvents,
10–11% of norbornenyl chloride 28 appears,26 and
retention in the (S)-26! (S)-27 conversion increases to
13% or 24%, respectively.24 In the more polar solvents,
the SNi transition states may evolve to ion pair 29, where
chloride return with retention can account for the minor
increase in retention.24


Direct stereochemical comparisons of the fragmenta-
tions of oxychlorocarbene 26 with those of the analogous
chloroformate (30) and chlorosulfite (31) were carried out
in CDCl3, CD3CN, and THF (for 31).29 Similar results
were obtained for all three substrates: in CDCl3, net

3.140Å


2.615Å


2.432Å
O


Cl


C


Figure 5. B3LYP/6-31G(d) computed transition states for th
3-nortricyclyl chloride (27) with retention (left) or inversion (righ
American Chemical Society)
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retention for the formation of (S)-27was 13% from (S)-26
and 22% from (S)-30; in CD3CN, the corresponding
values were 24% and 28%. From (S)-31 in THF, net
retention was 28%. We conclude that in these moderately
polar solvents, similar blends of SNi and ion pair
mechanisms are involved in the fragmentations of the
three nortricyclyl precursors to nortricyclyl chloride. The
extensive racemization is largely due to the competing
retention and inversion SNi transition states, which for
carbene 26 in hydrocarbon solvents, is effectively the
exclusive mechanism.


A more complicated situation arises for the fragmenta-
tion of (S)-exo-5-norbornenyl-2-oxychlorocarbene (32)
in C6D12, where the products include (S)-exo-5-
norbornenyl-2-chloride (33), (R)-endo-5-norbornenyl-
2-chloride (34), and (S)-3-nortricyclyl chloride (27) in
a distribution of �53:31:16, respectively.30


OCCl Cl


H


H


Cl H


Cl


..


(S)-32 (S)-33 (R )-34                      (S)-27


Conversion of (S)-32 to major product (S)-33 occurs
with complete retention upon thermolysis of the diazirine
precursor of carbene 32 at 258C.30 This is clearly a SNi
process, for which a transition state with DGz ¼ 12.1 kcal/
mol (in vacuum) can be calculated, cf., Fig. 6.30,31


As the solvent becomes more polar, retention decreases
for the (S)-32! (S)-33 conversion; it is only 60–70% in
CDCl3 or CD3CN. We suggest that the increased
racemization stems from competitive fragmentation of
32 to ion pair 35, which affords either (S)-33 or (R)-33
upon collapse; cf., Scheme 4.30


Conversion of (S)-32 to endo-chloride (R)-34 occurs in
part via the inversion SNi TS depicted in Fig. 6 (DGz is
calculated at 11.6 kcal/mol26), but (R)-34 forms with only

2.347Å


2.689Å


3.170Å


C


O


Cl


e conversion of 3-nortricyclyloxychlorocarbene (26) to
t). (Reprinted with permission from ref. 26; copyright 2004
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Figure 6. Transition states for the SNi fragmentations of
carbene (S)-32 with retention (left) to (S)-33 or inversion
(right) to (R)-34
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�18% ee. We attribute the extensive racemization to the
incursion of ion pairs. A simple possibility involves
migration of Cl� from the exo to the endo face of the
norbornenyl cation in ion pair 35 prior to collapse.
Alternative ion pair pathways are discussed in Reference
30. With increasing solvent polarity, the formation of
chloride 34 decreases; it is only 4–5% of the product
mixture in CDCl3 or CD3CN (with �20% ee). In these
solvents, the product mixture comprises mainly norbor-
nenyl chloride 33 and nortricyclyl chloride.27


Chloride 27 forms from carbene 32 in �17% yield
in C6D12; the yield rises to �36% in CDCl3 or CD3CN.
The stereochemistry of the conversion links (S)-32 and
(S)-27 with 13–25% ee over the range of solvents.
Focusing on its nortricyclyl cation canonical form, we
suggest that ion pair 35 can account for the products and
stereochemistry as illustrated by structure 36. Here,
collapse a leads to chloride (S)-33, collapse b affords
(S)-27, and collapse c yields (R)-27. Least motion
preferences account for the observed dominance of
(S)-33 in the product mixture and of (S)-27 over (R)-27.30


Stereochemical comparisons of the fragmentations of
oxychlorocarbene (S)-32, chloroformate (S)-37, and
chlorosulfite (S)-38 in CDCl3, CD3CN, and THF (for

Scheme
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38) indicated the intermediacy of ion pairs (e.g., 35),
leading to the formation of (mainly) (S)-33 and (S)-27
with ee’s ranging from �20 to 90%, depending on the
substrate and solvent.29


Finally, we examined the fragmentation of endo-5-
norbornenyl-2-oxychlorocarbene (39).32 In C6D12, the
products from (S)-39 include 65–70% of exo-chloride
(R)-33, �20% of endo-chloride (S)-34, and �12% of
3-nortricyclyl chloride (R)-27. The dominant process,
(S)-39! (R)-33, is a SNi reaction which proceeds via
the inversion TS shown in Fig. 7 (DHz ¼ 17.1 kcal/mol in
vacuum), conserving the chirality (ee> 95%).32


Competitively, conversion of (S)-39 to (S)-34 occurs with
�50% ee, in part via the computed retention SNi TS
shown in Fig. 7 (DHz ¼ 17.6 kcal/mol in vacuum). The
incursion of �50% racemization here reflects leakage to
an ion pair analogous to 35, but with an endo chloride
counterion, where collapse furnishes both (S)-34 and
(R)-34.32


In the more polar CDCl3 or CD3CN, endo-chloride 34
becomes a minor product (2–7%), while the yield of
nortricyclyl chloride (R)-27 (20% ee) increases to
30–40%. We can rationalize the (S)-39! (R)-27
conversion in terms of ion pair 40, where least motion


collapse a affords the major (R)-3-nortricyclyl chloride
enantiomer, while a slightly longer collapse pathway (b)
leads to the minor enantiomer, (S)-27.32


Also in CDCl3 or CD3CN, the stereospecificity of the
dominant (S)-39! (R)-33 conversion decays to �50%
ee,29 rather than the >95% preservation of chirality
observed in C6D12.


32 Again, ion pair intervention can

4
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Figure 7. B3LYP/6-31G(d) transition states for the fragmen-
tations of endo-carbene 39 to exo-chloride 33with inversion
(left) or endo-chloride 34 with retention (right). (Reprinted
with permission from ref. 32; copyright 2005 American
Chemical Society)
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account for the loss of stereospecificity.32 Similarly, frag-
mentations of the corresponding endo-5-norbornenyl-
2-chloroformate and chlorosulfite in these moderately
polar solvents proceed to chlorides 33 and 27 with
comparable ee.29

THE SNi TRANSITION STATE


Above, we provide examples of the SNi fragmentations
of several sec-alkoxychlorocarbenes in hydrocarbon
solvents. These include the conversions of cyclohexy-
loxychlorocarbene (16) to cyclohexyl chloride,24 3-
nortricyclyloxychlorocarbene (26) to 3-nortricyclyl
chloride (27)24exo-5-norbornenyl-2-oxychlorocarbene
(32) to the corresponding chloride (33),30 and endo-5-
norbornenyl-2-oxychlorocarbene (39) to exo-2-chloro-
5-norbornene (33).32 Both experimental and compu-
tational results support SNi mechanisms for these
transformations.


A closer consideration of the SNi mechanism, however,
brings us back to the earlier discussions of Hughes and
Ingold,1 Hine,2 Cram,3 Gould,4 Lewis,5,7 Wiberg,6 and

Figure 8. Intrinsic reaction coordinates for the decay of the in
fragmentation of cyclohexyloxychlorocarbene to cyclohexyl chlor
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Schreiner, Schleyer, and Hill.13,14 Is the SNi reaction
concerted, or is it best represented as proceeding via
discrete ion pair intermediates? In moderately polar
solvents, rearrangements and the loss of stereospecificity
argue strongly for ion pairs. But do concerted SNi
reactions occur in hydrocarbon solvents? To examine this
question more closely, we focused on the fragmentation
of cyclohexyloxychlorocarbene, 16. Inversion and reten-
tion transition states for the fragmentation of (equatorial)
16 appear above in Fig. 3.


Insight into the structural changes associated with the
decay of the two transition structures was provided by
intrinsic reaction coordinate (IRC) following method-
ology. IRC calculations track the lowest energy path
downward from the transition structure on a potential
energy surface, optimizing the geometry at each stage.
They are routinely used to validate the connectivity of the
TS with the reactants in one direction and the products in
the other direction. Plots of the IRCs for the forward
progress of the cyclohexyl inversion and retention
transition structures appear in Fig. 8.


IRC following leads, in both cases, back to the starting
carbene and (separately) forward to inverted or retained
cyclohexyl chloride. Note that there are no intermediate
stages, the computed energies along the IRC trajectories
decline smoothly toward the endpoints: COþ (axial or
equatorial) cyclohexyl chloride. There are no ‘steps’ in
these decays and no evidence for intermediates.


Nevertheless, it is apparent from Fig. 3 that both
transition states are asynchronous; the C-(ring)-Cl
distances (3.11–3.14 Å) are longer than the C(carbene)-Cl
separations (2.67–2.79 Å). Wiberg bond index (BI)
parameters33 associated with the ground and transition
states are also consistent with unequal bonding changes.
For example, the C(ring)-O BI changes from 0.75 to 0.13
and 0.10 for the inversion and retention TSs, respectively.
At the same time, weak bonding is revealed between
C(ring)-Cl at the TS, where the BI is 0.11 (inversion) and
0.21 (retention). The C(carbene)-Cl BI values change
from 1.0 to 0.20 (inversion TS) and 0.21 (retention TS).

version (left) and retention (right) transition states for the
ide; cf., Fig. 3


J. Phys. Org. Chem. 2007; 20: 1–10


DOI: 10.1002/poc







Figure 9. B3LYP/6-31G(d) computed transition states showing the HOMOs involved in the fragmentation of carbene 16 with
inversion (left) or retention (right)


Figure 10. B3LYP/6-31G(d) computed transition states showing the LUMOs involved in the fragmentation of carbene 16 with
inversion (left) or retention (right)
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Electrostatic interactions also contribute to the overall
bonding forces. For example, charges calculated by
natural population analysis methods give rise to
significant polarization, with positive charge centered
on the reaction terminus C(ring) and negative charge on
chlorine: þ0.22C, �0.70 Cl (retention TS) and þ0.21C,
�0.74 Cl (inversion TS). Very little charge resides on the
carbon monoxide atoms [�0.05 (retention TS) and�0.02
(inversion TS)], so that the remaining ring atoms bear
significant positive charge: þ0.52 (inversion TS) and
þ0.53 (retention TS).


The computed HOMOs (Fig. 9) of the two transition
structures are consistent with both the bond index results
and charge calculations, and emphasize the concentration
of electron density on chlorine as well as the absence of
significant orbital overlap between chlorine and the
terminal carbon centers. The ‘looseness’ of these
transition structures provides an escape from the formal
Woodward–Hoffmann ‘forbiddeness’ of a concerted
SNi process.


12,14,34


The computed LUMOs in Fig. 10 underscore the
delocalized nature of the cationic character implied by the
large p orbital on the C(ring) reaction terminus and
additional electron deficiencies on the neighboring ring
atoms.


We suggest that, in vacuum or hydrocarbon solvents,
these structures span an amorphous ‘no-man’s land’
ranging from asynchronous, charge-separated, concerted

Copyright # 2007 John Wiley & Sons, Ltd.

transition states to very tight ion pairs.35 Moderately polar
solvents transform the charge-separated transition states
into real ion pair intermediates. The inherent ambiguity of
the situation is very well captured in a prescient comment
by Winstein, writing in 1958, before the elucidation of
orbital symmetry constraints: ‘. . . some covalent char-
acter may be visualized for the cation–anion attraction in
an intimate ion pair . . . . Because of the character of
intimate ion pairs, there is no sharp distinction between
such an ion pair and a covalently bound intermediate in a
so-called cyclic rearrangement. These are not qualitat-
ively distinct, but form extremes in a graded series. Thus,
there is no sharp distinction between formation of an
intimate ion pair followed by internal return and a cyclic
rearrangement, and marginal cases may be expected.’36

CONCLUSION


Transition structures for SNi fragmentations of alkoxy-
chlorocarbenes inhabit a gray zone that reflects partial
asynchronous bonding coupled with charge separation. A
family of closely related structures is required to represent
the electronic changes associated with differing alkyl
groups, counter ions, and solvent.17 Experimentally, one
observes product formation that reveals the influence of
structure and environment on the decay pathways
available for a given transition structure; that is,
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concertedness in low polarity solvents and the formation
of ion pair intermediates in polar solvents. This
chameleon behavior accounts for the plethora of early
representations of SNi transition states, and for the
continuing ambiguity today.


Given that reactions involving ion pair intermediates
can be considered variations of SN1 reactions, one could
argue for a more restrictive definition of SNi reactions,
involving only concerted processes, that might serve to
clarify the classification of these reactions. Subtle
structural probes described above identify several
reactions that fit this criterion, that is, transition states
generated in non-polar solvents that appear to bypass
cationic intermediates and to produce unique structural
and stereochemical outcomes. What is beyond doubt,
however, is that SNi reactions constitute a real, if limited,
class of aliphatic substitution processes for which the
fragmentations of alkoxychlorocarbenes provide excel-
lent examples.
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ABSTRACT: Quantum chemical calculations using density functional theory at the B3LYP level in combination with
relativistic effective core potentials for the metals and TZ2P valence basis sets have been carried out for elucidating the
reaction pathways of ethylene addition to MeReO2(CH2) (C1). The results are compared with our previous studies of
ethylene addition to OsO2(CH2)2 (A1) and OsO3(CH2) (B1). Significant differences have been found between the
ethylene additions to the osmium compounds A1 and B1 and the rhenium compound C1. Seven pathways for the
reaction C1þC2H4 were studied, but only the [2þ2]Re,C addition yielding rhenacyclobutane C5 is an exothermic
process with a high activation barrier of 48.9 kcal mol�1. The lowest activation energy (27.7 kcal mol�1) is calculated
for the [2þ2]Re,C addition, which leads to the isomeric formC50. Two further concerted reactions [3þ2]O,C, [3þ2]O,O,
and [2þ2]Re,O and the addition/hydrogen migration of ethylene to one oxo ligand are endothermic processes which
have rather high activation barriers (>35 kcal mol�1). Four isomerization processes of C1 have very large activation
energies of >65 kcal mol�1. The ethylene addition to the osmium compounds A1 and B1 are much more exothermic
and have lower activation barriers than the C2H4 addition to C1. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: Density Functional Theory; oxo ligands; carbene ligands; reaction mechanism; transition metal complexes

INTRODUCTION


Quantum chemical studies have shown that the initial step
of the cis-dihydroxylation of olefins with OsO4 is a
concerted [3þ2] addition yielding an osma-2,5-dioxolane
as reaction product.1 The alternative two-step reaction
pathway with initial [2þ2] addition followed by
rearrangement of the osmaoxetane has much higher
activation barriers. This finding is now undisputed in
the community. Further theoretical work predicted that
the reaction of RuO4 with olefins also starts with a
concerted [3þ2] addition.2 These predictions were
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recently corroborated in experimental investigations,
which showed that ruthenium compounds containing a
Ru(——O)2 group react with olefins in the expected [3þ2]
fashion to yield ruthena-2,5-dioxolanes as reaction
products.3 Much less is known about the reaction
of olefins with transition metal compounds, which
carry doubly bonded ligands X other than oxygen in
LnM(——O)(——X).


Deubel and Muñiz reported theoretical studies on the
reaction pathways of the addition of OsO2(NH)2 to
ethylene.4 These calculations predict that the three
possible [3þ2] addition reactions are kinetically and
thermodynamically favored over the two alternative
[2þ2] additions, and that the diamination should be the
most favorable reaction. A substantially more compli-
cated scenario was found in our recent theoretical study
on the addition of C2H4 to OsO2(CH2)2.


5 Besides the
energetically favored [3þ2] additions, we found addition
reactions with coupled hydrogen migration as well as
isomerization of OsO2(CH2)2 to metallacyclic species,
which open up numerous reaction pathways. Subsequent
calculations on the reaction pathways for addition of
C2H4 to OsO3(CH2) revealed a related, but somewhat
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different picture.6 In the meantime, we theoretically
investigated the addition of ethylene to MeReO2(CH2),
which exhibits yet another reaction profile. The corre-
sponding reactivity of this compound is particularly
interesting because substituted derivatives RCH2ReO2


(CHR) have been synthesized by Schrock.7 The reaction
of the latter with R¼ t-Bu with olefins has been
investigated in a study on transition metal metathesis
reactions,8 but without further information the authors
stated that the compound shows no metathesis reactivity.
The molecule MeReO2(CH2) is thus a model compound
for an experimentally known species while oxo-carbene
complexes LnM(——O)(——X) of osmium to the best of our
knowledge have not been synthesized so far. A recent
review by Schrock indicates that only 10 compounds of
the general formula LnM(——O)(——X) have been iso-
lated.7 The metal atom in the oxo-carbene complexes is
tungsten, rhenium, or molybdenum.


In this paper, we compare the theoretical results of the
reaction courses for the addition of C2H4 to OsO2(CH2)2


5,
OsO3(CH2)


6 which were recently published with calcu-
lated data for the addition reaction to MeReO2(CH2). For
the reaction C2H4þOsO2(CH2)2, we will report further
data which have been obtained after publication of
references 5 and 6. Please note that the calculated
energies given in reference 6 have been obtained using the
smaller basis set B3LYP/I (see below for theoretical
details). Therefore the data given there are slightly
different from the values reported here. Some energeti-
cally unfavorable reaction steps reported in references 5
and 6 are omitted because they are not relevant for the
comparison with the rhenium system. The results for
MeReO2(CH2) have not been reported so far. The theore-
tical findings exhibit a fascinating variety of reaction
pathways, which constitute a challenge for experimental
studies. We want to emphasize that the results presented
here are still far away from a complete coverage of the
possible reaction pathways for the three reactions dis-
cussed. Further efforts, both theoretical and experimental,
are needed to unravel the reaction course for olefin
addition to oxo carbene complexes.

COMPUTATIONAL METHODS


The calculations have been performed at the density
functional theory (DFT) level employing the B3LYP
hybrid functional9 as implemented10 in the Gaussian 03
program.11 The TZVP all electron basis set of Ahlrichs
and coworkers was employed for C, O, and H.12 For Os
and Re, the Stuttgart/Köln relativistic effective core
potential replacing 60 core electrons was used in
combination with a (311111/22111/411) valence basis.13


This combination is denoted here as basis set I. All
minima and transition structures were optimized at this
level of theory without symmetry constraints. Analytic
Hessians computed at B3LYP/I were used to characterize

Copyright # 2007 John Wiley & Sons, Ltd.

the nature of stationary points and to obtain (unscaled)
zero-point vibrational energy contributions (ZPE). All
connectivities of minima and transition structures were
verified by intrinsic reaction coordinate (IRC)14 following
calculations at this level of theory. Based on the B3LYP/I
geometries, additional single point calculations were
performed employing the larger basis set II, in which the
Stuttgart/Köln valence basis sets for Os and Re were
augmented by two sets of f-functions and one set of g-
functions derived by Martin and Sundermann15 and used
in combination with the correlation consistent cc-pVTZ
basis set of Dunning16 for C, O, and H atoms. All relative
energies discussed below relate to B3LYP/II//B3LYP/I
calculations and include ZPE contributions.


RESULTS AND DISCUSSION


Let us first introduce the notation used throughout this
paper for the compounds studied: Molecules of the
system C2H4þOsO2(CH2)2 carry the prefix A, whereas
the prefix B is used for the system C2H4þOsO3(CH2) and
C for C2H4þMeReO2(CH2). The same numbering
scheme is employed for related structures of all three
systems in order to facilitate the comparison.


Figure 1 shows the calculated reaction profile for the
addition of C2H4 to OsO2(CH2)2 (A1). Three different
[3þ2] pathways yield the respective metallacycles A2,
A3, andA4. The kinetically most favorable reaction is the
[3þ2]O,C addition A1þC2H4!A3 with an activation
barrier of only 8.1 kcal mol�1. The reaction is exothermic
by �42.4 kcal mol�1. However, A3 is not the most stable
reaction product of the three [3þ2] additions. The
kinetically next favorably reaction is the [3þ2]C,C
addition A1þC2H4!A2 which has a higher activation
barrier of 13.0 kcal mol�1, but it is exothermic by
�72.7 kcal mol�1. The calculations thus predict that the
outcome of the [3þ2] addition of C2H4 to OsO2(CH2)2
depends on the kinetic and thermodynamic control of the
reaction conditions. The third concerted pathway is the
[3þ2]O,O addition A1þC2H4!A4, which has a clearly
higher activation barrier of 27.5 kcal mol�1. The latter
reaction is only slightly exothermic by �7.0 kcal mol�1


and this process can thus not compete with the other
[3þ2] additions. Moreover, there are two other
reactions more favorable than the [3þ2]O,O addition.
The ethylene molecule may add to one of the oxygen
atoms with concurrent hydrogen migration either from
ethylene to a methylene ligand A1þC2H4!A7 or
from a methylene group to ethylene A1þC2H4!A8
(Fig. 1). Both reactions are exothermic by �30.4 kcal
mol�1 (A1þC2H4!A7) and by �12.6 kcal mol�1


(A1þC2H4!A8). Although the former reaction is more
exothermic, it has a higher activation barrier (27.6 kcal
mol�1) than the latter (21.2 kcal mol�1). Both reactions
are clearly less favorable than the [3þ2]C,C and [3þ2]O,C
additions. Please note that the reaction A1þC2H4!A7
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Figure 1. Calculated reaction profile at B3LYP/II//B3LYP/IþZPE for the addition of C2H4 to OsO2(CH2)2 (A1)
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was not reported in reference 5. The reaction step was
only found after the paper was published.


What about the [2þ2] addition reactions of C2H4 to
OsO2(CH2)2? All attempts to identify such a reaction path
for the parent molecule A1 failed. We did find transition
states whose visual inspection gave the false impression
that they belong to the [2þ2]Os,O and [2þ2]Os,C pathways
of the C2H4þA1 reaction. IRC calculations revealed,
however, that the energy minimum connected to the
transition states is not A1 but the osmaoxirane isomer
A1a, which is 17.6 kcal mol�1 more stable than A1.
The activation barrier for the isomerization A1!A1a
is very high (40.9 kcal mol�1). The [2þ2]Os,C addition
A1aþC2H4! A5 and the [2þ2]Os,O reaction A1aþ
C2H4!A6 are also kinetically unfavorable. The acti-
vation barriers with respect toA1a are 52.4 kcal mol�1 for
the former reaction and 58.9 kcal mol�1 for the latter.
Both reaction steps are endothermic by 8.7 kcal mol�1


([2þ2]Os,C) and 25.7 kcal mol�1 ([2þ2]Os,O). Note that
the osmaoxirane ring opens up during the reaction course.


The data given in Fig. 1 indicate that the most likely
thermal reactions of A1 with C2H4 are the [3þ2]
additions yielding A2 and A3. All other reactions are
kinetically and thermodynamically much less likely to
occur. The ring closure A1!A1a should also not take
place because the activation barrier is too high. However,
there is one more reaction of A1 that might compete with
the [3þ2]C,C and [3þ2]O,C additions, that is, the
isomerization via C—C coupling A1!A1b shown in
Fig. 2. The activation barrier is only 15.7 kcal mol�1 and
the reaction is strongly exothermic by �56.2 kcal mol�1.
But the isomerA1b is not very reactive toward addition of
ethylene. The [3þ2]O,O reaction A1b!A9 and the
[2þ2]Os,O reaction A1b!A10 have very high barriers of
> 50 kcal mol�1. Both reaction steps are endothermic. In
the presence of further oxidant it is possible, however, that
the formation of A1b opens up further reaction pathways

Copyright # 2007 John Wiley & Sons, Ltd.

such as oxidation to the Os(VIII) species O3Os(cyc-
C2H4). Finally we want to mention that the ring closure of
A1 through O—O coupling yielding a bisalkylideneos-
maperoxide species is a strongly endothermic process by
64.6 kcal mol�1, which has a prohibitively high activation
barrier of 88.5 kcal mol�1.5 This process is, therefore, not
considered further in the following.


The most important reaction pathways for addition
of ethylene to the monocarbene OsO3(CH2) B1 are
shown in Fig. 3. A Comparison with Fig. 1 reveals several
significant differences between the reactions A1þC2H4


and B1þC2H4. Only two [3þ2] additions with C2H4


are possible for the monocarbene B1. The [3þ2]O,C
reaction B1þC2H4!B3 and the [3þ2]O,O reaction
B1þC2H4!B4 are slightly more exothermic and have
lower activation barriers than the respective [3þ2]
reactions of A1. Note that the [3þ2]O,O reaction of B1
has a significantly lower barrier (11.8 kcal mol�1) than the
[3þ2]O,O reaction of A1 (27.5 kcal mol�1). A similar
correlation is found for the comparison between the
addition reactions of ethylene to the oxo group with
simultaneous hydrogen migration yielding B7 and B8
with the reactions of A1, except that the formation of B8
is slightly less exothermic than the reaction
A1þC2H4!A8.


A major difference between the two systemsA and B is
the finding that in the latter, there is a transition state for
the [2þ2]Os,O addition reaction B1þC2H4!B6, which
could not be found for A1. This reaction has a rather high
activation barrier of 36.2 kcal mol�1 and is slightly
endothermic by 9.6 kcal mol�1 It is thus clearly
unfavorable compared to the [3þ2] addition reactions
and to the addition of ethylene to oxygen with concurrent
hydrogen migration. The isomerization through C—O
bond formation B1!B1a has a slightly higher barrier
(41.3 kcal mol�1) but is more exothermic (�27.5 kcal
mol�1) than the related process A1!A1a.

J. Phys. Org. Chem. 2007; 20: 11–18







Figure 2. Calculated reaction profile at B3LYP/II//B3LYP/IþZPE for the addition of C2H4 to OsO2(CH2)2 (A1b)
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Figure 3 shows that the osmaoxetane species B6 may
also be formed through [2þ2]Os,O ethylene addition to
B1a. The latter process B1aþC2H4!B6 has a slightly
lower barrier with respect to 1 (34.9 kcal mol�1) than the
reactionB1þC2H4!B6 (36.2 kcal mol�1). However, the
former reaction is energetically less favorable because it
requires the prior isomerization reactionB1!B1awhich
has an activation energy of 41.3 kcal mol�1. It is
interesting to note that there are two distinctively
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different reaction pathways starting from B1 which lead
to the formation of B6. Rather unusual and surprising
results were found for the ethylene addition across
the Os——C bond yielding osmacyclobutane as reaction
product. Two different pathways for the [2þ2]Os,C
ethylene addition to B1 leading to two different isomers
B5 and B5( could be identified via IRC calculations
starting from the respective transition states of
B1þC2H4!B5 and B1þC2H4!B5(. They were found

/IþZPE for the addition of C2H4 to OsO3(CH2) (B1)
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after reference 6 was published and therefore, they are not
shown there. Figure 3 shows that the [2þ2]Os,C addition is
kinetically and thermodynamically more favorable than
the [2þ2]Os,O addition but it is clearly less favorable than
the [3þ2]O,C and [3þ2]O,O addition reactions. The most
surprising finding is that the exothermic formation of the
more stable isomerB5 has a significantly larger activation
barrier (37.7 kcal mol�1) than the endothermic addition
reaction which leads to the less stable isomer B5(. The
activation energy for the latter reaction is only 22.3 kcal
mol�1. The geometries of the transition states for the
[2þ2]Os,C addition reactions and optimized structures of
the osmacylobutanes B5 and B5( are shown below in
Figure 5. They will be discussed in conjunction with the
related rhenium system for which a similar situation was
found. The osmacyclobutane species B5 may also be
formed via [2þ2]Os,C ethylene addition to B1a. Since
the latter process requires the prior isomerization
reaction B1!B1a which has an activation energy of
41.3 kcalmol�1 the reaction is less favored than the direct
[2þ2]Os,C ethylene addition to B1. Like for the [2þ2]Os,O
addition yielding B6 there are two distinctively different
reaction pathways starting from B1 which lead to the
formation of B5.


Two transition states for addition reactions of ethylene to
B1a where the metallaoxirane ring remains intact have
been identified which could not be found for the reaction
of C2H4 with A1a. These are the [3þ2]O,O addition
B1aþC2H4!B4a and the [2þ2]Os,O addition B1aþ
C2H4!B6a. The compounds B4a and B6a are isomers
of B4 and B6, respectively, which contain an osmaoxirane
moiety. B6a is 39.1 kcal mol�1 lower in energy than B6
(Fig. 3). The osmaoxirane formation B6 !B6a is thus
even more exothermic than the isomerization B1 !B1a,
which proceeds�27.5 kcal mol�1 downhill. But formation

Figure 4. Calculated reaction profile at B3LYP/II//B3LYP/I
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of an osmaoxirane moiety from an oxo and an alkylidene
group is not always an exothermic process. In particular, the
isomerization B4 !B4a is endothermic by 29.8 kcal
mol�1. Thismay be explainedwith the change in the formal
oxidation state during the processes. There is a change from
Os(VIII) to Os(VI) in the reactions B1!B1a and
B6!B6a while the oxidation state changes from Os(VI)
to Os(IV) during the reaction B4!B4a. In our previous
study on the oxidation of ethylene to OsO4 and RuO4, we
found that the reaction energies strongly depend on the
change of the oxidation state.2


The data in Fig. 3 thus show that, like in system A, the
kinetically most favorable reactions of B1 with ethylene
are [3þ2] additions yielding the compounds B3 and B4.
The reaction B1þC2H4!B7 is thermodynamically
more favorable than the formation of B4 but the
latter process has a lower activation energy. All other
addition reactions and the ring closure B1!B1a should
not take place because the activation energies are too
high.


The calculated reaction profile for ethylene addition to
MeReO2(CH2) (C1) which is shown in Fig. 4 exhibits
substantial differences compared to the addition reactions
ofA1 andB1. The most important difference concerns the
[3þ2]O,C and [3þ2]O,O additions to C1 yielding C3 and
C4 which are calculated to be endothermic reactions for
the rhenium system with rather high activation barriers of
35.7 kcal/mol and 63.9 kcal/mol, respectively. The
corresponding reactions of the osmium system were
strongly exothermic. Like for the osmium compound B1,
two transition states for the [2þ2]Re,C reactions
C1þC2H4!C5 and C1þC2H4!C5( were found on
the PES. The former process is the only exothermic
addition reaction of C1 but it has a rather high activation
barrier of 48.9 kcalmol�1. The addition reaction yielding

þZPE for the addition of C2H4 to MeReO2(CH2) (C1)
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the rhenacyclobutane species C5( is endothermic by 22.4
kcal/mol higher in energy (Fig. 4). However, the
activation energy for the formation of the higher energy
form C50 is again much lower (27.7 kcal/mol) than the
reaction C1þC2H4!C5. The calculations thus predict
(Figure 4) that the kinetically most favorable process is
the [2þ2]Re,C reaction yielding the high-energy isomer
C5( while the [2þ2]Re,C reaction yielding the low-energy
isomer C5 is the thermodynamically most favorable
process. The [2þ2]Re,O reaction C1þC2H4!C3 is
endothermic and it has a rather high activation barrier
of 44.0 kcal/mol. The addition of ethylene to oxygen atom
with simultaneous hydrogen migration C1þC2H4!C7
which was exothermic for the osmium system is for the
rhenium compound an endothermic process by 9.2 kcal/
mol which has a large barrier of 66.1 kcal/mol. Finally,
the addition of ethylene with simultaneous hydrogen
migration C1þC2H4!C8 is another endothermic pro-
cess by 10.8 kcal/mol which has a sizeable barrier of
35.7 kcal/mol.


Figure 4 shows also four isomerization reactions
of C1. The C—O and O—O ring closure processes
C1!C1a and C1!C1c are endothermic reactions
with high activation barriers. The 1,3-hydrogen
migration C1!C1d is also energetically unfavorable,
both kinetically and thermodynamically. The C—C ring
closure reaction with simultaneous hydrogen migration
C1!C1e is slightly exothermic, but the activation
barrier of 83.0 kcal mol�1 is prohibitively high. The
calculations thus predict that compound C1 is not very
reactive towards ethylene addition.


The peculiar energetic ordering of the isomeric forms
of the osmium systemB5 andB5( and the rhenium system
C5 and C5( on the one hand and the respective transition
states for the former system TS(B1þC2H4!B5) and
TS(B1þC2H4!B5() and for rhenium TS(C1þC2H4!
C5) and TS(C1þC2H4!C5() on the other hand attracted
our attention. The optimized structures are shown in
Figure 5. The low-energy forms B5 and C5 have a
trigonal bipyramidal structure while the high-energy
isomers B5( and C5( are distorted square pyramids.
Experimental evidence shows that the energetically most
favorable geometry for pentacordinated Os(VIII) and
Re(VII) compounds is a trigonal bipyramide.17 This
explains why B5( and C5( are higher in energy than B5
and C5, respectively. The search for a transition state for
interconversion between C5 and C5( was not successful.
This can be explained by the finding that the transition
state for ethylene addition to C5( is only 5.5 kcalmol�1


higher in energy than the separated molecules. A rather

3—————————————————————
Figure 5. Optimized structures at B3LYP/II//B3LYP/I of the isome
and rhenium C5 and C5’ and for the corresponding transit
TS(B1þC2H4!B5); (b) Osmacyclobutane!B5’ and transition stat
state TS(C1þC2H4!C5); (d) Rhenacyclobutane C5’ and transition s
degree


Copyright # 2007 John Wiley & Sons, Ltd.

small distortion of the structure of C5( leads during the
geometry optimization to dissociation of C2H4 rather than
to structure C5. We could also not yet find a transition
state for the for interconversion between B5 and B5(.
Closer inspection of the transition states of the osmium
system TS(B1þC2H4!B5) and TS(B1þC2H4!B5()
and for the rhenium system TS(C1þC2H4!C5) and
TS(C1þC2H4!C5() (Figure 5) shows an in-plane
approach of the ethylene to the H2C-Os-Otrans and
H2C-Re-CH3 moieties in the transition states for
formation of the less stable forms B5( and C5( which
comes close to a least-motion pathway. In the higher-
lying transition states TS(B1þC2H4!B5) and
TS(C1þC2H4!C5) the C2H4 molecule attacks B1 and
C1 from a direction where it must subsequently rotate
about the M-(CH2CH2) (M¼Os, Re) axis in order to
achieve the C-C ring coupling. The significant deviation
of the latter reactions suggests that it is a symmetry
forbidden reaction, which explains the much higher
activation barriers than for the former processes.

SUMMARY


The results of this work can be summarized as follows.
The calculated reaction coordinates for ethylene addi-
tion to OsO2(CH2)2 (A1), OsO3(CH2) (B1), and
MeReO2(CH2) (C1) exhibit significant differences
among the activation energies and reaction energies of
the three systems. Seven reaction courses for the reaction
C1þC2H4 were found in this study, but only the
[2þ2]Re,C addition yielding rhenacyclobutane C5 is an
exothermic process. The reaction has a high activation
barrier of 48.9 kcal mol�1. The lowest activation energy
(27.7 kcal mol�1) is calculated for the [2þ2]Re,C addition
which leads to the isomeric form C50. Three further
concerted reactions [3þ2]O,C, [3þ2]O,O, and [2þ2]Re,O
and two addition reactions of ethylene to one oxo
ligand with simultaneous hydrogen migration are
endothermic processes which have rather high activation
barriers (>35 kcal mol�1). Four isomerization processes
of C1 have very large activation energies of >65 kcal
mol�1).


In contrast to the ethylene addition to the rhenium
system C1, the addition reactions to the osmium
compounds A1 and B1 are much more exothermic and
they have lower barriers, particularly for the [3þ2]
reactions. Five reaction courses were found for
A1þC2H4.


5 The lowest activation barrier is calculated
for the [3þ2]O,C addition followed by the [3þ2]C,C

————————————————————
ric forms of the metallacyclobutanes of osmium B5 and B5’
ion states. (a) Osmacyclobutane B5 and transition state
e TS(B1þC2H4!B5’); (c) Rhenacyclobutane C5 and transition
tate TS(C1þC2H4!C5’); Interatomic distances in Å, angles in
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pathway which is thermodynamically more favorable
than the former process. Both reactions are strongly
exothermic and have activation barriers <15 kcal mol�1.
The [3þ2]O,O addition of A1 and two addition reactions
to one oxygen atom of A1 with simultaneous hydrogen
migration onto or from the ethylene molecule have higher
activation barriers and are clearly less exothermic than the
former processes. The [2þ2] additions of ethylene across
the Os——O and Os——CH2 bonds take only place after
initial isomerization of A1 to the osmaoxirane species
A1a. The rearrangement A1!A1a and the [2þ2]Os,O
and [2þ2]Os,C additions to the latter have very high
activation barriers (>40 kcal mol�1). A low activation
barrier of 15.7 kcal mol�1 is predicted for the isomeriza-
tion of A1 via C—C coupling to the osmacyclopropane
species A1b which, however, has very high activation
barriers for the [2þ2] and [3þ2] addition of ethylene
(>55 kcal mol�1).


Five reaction courses were found in our earlier study
for the system B1þC2H4


6 while two more reactions
pathways could be identified during this work. The
exothermic [3þ2]O,C and [3þ2]O,O addition reactions
have the lowest activation barriers (<12 kcal mol�1). Two
pathways for ethylene addition to one oxo ligand with
concurrent hydrogen migration have higher barriers
although one of them is more exothermic than the
[3þ2]O,O addition. Unlike A1, a transition state for
[2þ2]Os,O addition of ethylene to B1 was found which is
high in energy (36.2 kcal mol�1). Like for the rhenium
system C1, the [2þ2]Os,C addition to B1may proceed via
two different transition states yielding to metallacyclu-
butane isomers B5 and B5(. The formation of the
significantly less stable form B5( requires less activation
energy than the reaction yielding the more stable isomer
B5. A high barrier of 41.3 kcal mol�1 is also calculated
for the isomerization of B1 to the osmaoxirane B1a. The
activation energies for the [2þ2] and [3þ2] reactions
B1aþC2H4 are very large (>50 kcal mol�1).
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ABSTRACT: The most obvious consequence of the concept of aromaticity is the common confidence that in aromatic
compounds, bond lengths do not alternate and are between typical to the single and double ones. However, in 1994,
performing crystal structure investigations of substituted pyridines and their salts, Krygowski and co-workers have
discovered a very surprising angular group induced bond alteration (AGIBA) effect: It appears that some angular
substituents, like methoxy or nitrozo groups, can induce bond alternation in aromatic rings. Crystal studies do not
allow one to operate with liquids that are more common in organic chemistry. This paper presents the first possible
evidence of spectroscopic manifestations of the AGIBA effect. Raman spectra of the liquid toluene are analyzed. It is
found that instead of being single, the line corresponding to the ring breathing vibrations is clearly split by
1.0–1.4 cm�1, thus indicating the presence of two (cis- and trans-) AGIBA isomers. The energy difference between
these isomers estimated in temperature dependent Raman studies is found equal to 6.68 kJmol�1. The low-
wavenumber line therefore corresponds to the cis-AGIBA isomer and the high-wavenumber line to the trans-AGIBA
isomer stabilized by the AGIBA effect. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: AGIBA effect; Raman spectra; toluene; vibrational line profile analysis


INTRODUCTION


During more than one and a half century aromaticity
serves as one of the most important concepts in organic
chemistry. The most obvious consequence of this concept
is the common confidence that in aromatic compounds,
bond lengths do not alternate and are between typical to
the single and double ones. However, in 1994, performing
crystal structure investigations of substituted pyridines
and their salts, Krygowski and co-workers1 have
discovered a very surprising effect that, to certain extent,
turns us back to the Kekulé structures. It appears that
some substituents can induce bond alternation in aromatic
rings, provided the attached groups are angular, like the
methoxy, hydroxy, or nitrozo group. The single bonded
—X—Y groups cause a lengthening of the trans bond and
a shortening of the cis bond, whereas the double bonded
—X——Y groups act in the opposite way, elongating the
cis bond and shortening the trans bond of the benzene
ring; changes in bond lengths are of about 0.01 Å
(Scheme 1). Supporting quantum chemistry computations


prove the existence of this angular group induced bond
alteration (AGIBA) effect.


According to recent reviews,2,3 numerous examples
demonstrating reality of the AGIBA effect have been
accumulated since the time of its discovery. Until now, the
only experimental approach to studying the AGIBA effect
is the crystal structure (mainly X-ray) investigation of
monocrystals. Though being a straightforward method of
molecular structure analysis, such an approach does not
allow one to operatewith liquids that are more common in
organic chemistry. Due to this fact, numerous prospective
liquid candidates for showing up an AGIBA isomerism
remain outside the scope of structural studies. For
example, as follows from quantum chemistry estimates,4


methoxy substituted benzenes could be such candidates,
since some of their conformations might be stabilized by
AGIBA with the differences in total energy of cis- and
trans-AGIBA isomers DE� 12 kJmol�1. Moreover,
effects of intermolecular interactions leading to supra-
molecular organization in liquids, that are actively
pursued in the past decade,5,6 may favor stabilization
of AGIBA conformers in the liquid state.


In spite of the fact that simpler methods enabling one to
monitor the molecular structure of a substance have not
been employed in AGIBA studies yet, some of them,
especially, vibrational spectroscopy could appear very
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useful and might broaden the number of substances
prospective for manifestations of the AGIBA phenom-
enon. However, possible relevance of vibrational spec-
troscopy to AGIBA studies has never been considered,
whereas the following issues could favor such appli-
cation. The mentioned differences in total energy of cis-
and trans-AGIBA isomers should cause changes in the
energy of vibrations of a limited number of bonds of the
R—X—Y molecule studied (mainly R—X, X—Y and
ring stretching and R—X—Y and ring bending
vibrational modes, other modes remaining unchanged).
Furthermore, one should not foresee any variations in
translational and rotational energy of AGIBA isomers.
This means that differences in total energy of cis- and
trans-AGIBA isomers are purely vibrational in nature,
being well ‘localized’, and one could expect spectro-
scopic manifestations of such differences as vibrational
line splitting within the range of several wavenumbers.
From this point of view, vibrational spectroscopy could be
a suitable tool for recognizing AGIBA effects.


It is well known that vibrational spectra are success-
fully applicable to studies of effects of similar magnitude.
As follows from our works, resolution of modern infrared
and, especially, Raman methods enables one to easily
recognize line splitting in liquids arising by the presence
of isotopomers (�3 cm�1),7 or caused by very weak
intermolecular interactions (noncoincidence effects)
(0.4 cm�1).8


Therefore the aim of this paper is the search of possible
spectroscopic manifestations of the AGIBA effect in the
case of the liquid toluene. As a result, it is shown by
means of Raman scattering that in this substance, two
AGIBA isomers can exist.


EXPERIMENTAL


Toluene (Carlo Erba) was of >99.5% purity. The ring
breathing n1 (A1) vibration of this substance was studied
at five temperatures from 282 to 350K. Raman spectra
were excited by means of an Arþ laser (INNOVA 400,
Coherent Radiation Labs, Inc., 10W all line power) and
collected at polarized (VV) and depolarized (VH)
scattering geometries on an U1000 Jobin–Yvon-ISA


double monochromator, as described in References 8
and 9.


In order to reach our goal, the following method of
vibrational line profile analysis10 has been applied.
According to the theory,11,12 VV and VH spectra consist
of the so-called isotropic and anisotropic components:


IVVðnÞ ¼ IisoðnÞ þ 4


3
IVHðnÞ (1)


IVHðnÞ ¼ IanisoðnÞ (2)


In turn, isotropic and anisotropic components can be
presented in the following form:


IisoðnÞ ¼
Z1
0


GVðtÞ expð2picntÞdt (3)


IanisoðnÞ ¼
Z1
0


GVðtÞG2RðtÞ expð2picntÞdt (4)


where c is the speed of light, t is the time, GV(t) is the
time-correlation function of vibrational relaxation, G2R(t)
is the time-correlation function of rotational relaxation,
and the subscript 2 at G2R(t) means that rotation is
described by the Legendre polynomial of the 2nd order.
The method proposed in Reference 10 is based on
employing a model time-correlation function written in
the form:


GiðtÞ ¼ exp � ½t
2 þ t21Þ1=2 � t1�


t2


( )
(5)


that makes it possible to perform the Fourier transform
of Eqns (3) and (4) analytically obtaining the vibrational
line profile as:


IiðnÞ ¼ 2nc exp
t1


t2


� �
t21
t2


� �
K1ðxÞ
x


(6)


where t1 and t2 are certain characteristic times
different for Iiso(n) and Ianiso(n),
x ¼ t1½4p2c2ðn� n0Þ2 þ 1=t22�1=2, n0 is the peak wave-
number, n¼ 2 if n0¼ 0 and n¼ 1 if n0 6¼ 0, andK1(x) is the
modified Bessel function of the second kind.


This method has been successfully employed in
numerous applications,13,14 especially in studies of
overlap lines since, unlike other methods that are
empirical in nature, its theoretical basis is obvious. Its
only limitation lies in the fact that vibrational line profiles
at issue are considered symmetric. However, as far as our
knowledge goes, there are only two proven examples of
asymmetric line profiles, n of CO chemisorbed on the Pt
surface15 and n2 of C5O


2�
5 (croconate) ion,16 therefore


such limitation seems quite soft.
The Raman spectrum of toluene in the region studied is


quite complicated. Except of the line corresponding to the
ring breathing n1 (A1) vibrations it comprises several low


Scheme 1
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intensity lines corresponding to 2n16a (A1) and 4n16b (A1)
vibrations. Its detailed analysis and assignment is
presented in Reference 17. For the sake of clarity, here
we confined ourselves with analysis of much stronger
isotropic Raman spectra, since in the region of the ring
breathing vibrations, these are more intensive than
anisotropic ones by 80 times.17


RESULTS AND DISCUSSION


Analysis of our fits of the Raman spectra of the liquid
toluene17 signifies that, in spite of the excellent
convergence of the fitting procedure, the characteristic
shape of the graph of residuals provides a symptom of
possible presence of an extra vibrational line that almost
coincides with the line corresponding to the ring
breathing n1 (A1) vibration (Fig. 1a). Therefore the
starting point of this study has been a belief that in the
liquid toluene, two AGIBA isomers can exist, each having
its own n1 (A1) line, and the AGIBA effect can contribute
to stabilizing the trans-conformation. In the absence of
the AGIBA effect, cis- and trans-AGIBA conformations
are indistinguishable (Scheme 2a). p-electron structure
drawn by means of the Kekulé structure causes dramatic
changes in the symmetry of the benzene ring. In


particular, the vertical C2 axis that lies in the ring plane
disappears. This makes the cis- and trans-AGIBA
conformations discernible (Scheme 2b).


In accord with our belief, it has been found in the
course of computations that the quality of fits significantly
increases (residuals between experimental data and fits
decrease and become better statistically averaged show-
ing no signature of an extra line) if two lines
characterizing the ring breathing vibrations are intro-
duced (Table 1, Fig. 1b, c). Thus isotropic Raman
spectrum of the liquid toluene demonstrates that instead
of being single, the line corresponding to the ring
breathing vibration at 785 cm�1 is better represented by
two components split by 1.0–1.4 cm�1. It is noticeable
that no significant variations in line widths occur if an
extra line is launched. The widths of both possible
AGIBA components are closely compared to the width of
the n1 (A1) line obtained in Reference 17, being typical for
polarized fundamentals, and the width of the nearest
neighboring 4n16b (A1) line remains practically
unchanged (Table 1).


On heating, the lines in question behave as follows. The
integrated intensity of the high-wavenumber line
decreases, while the integrated intensity of the low-
wavenumber line increases suggesting that thermal
equilibration between possible AGIBA isomers occurs.


Figure 1. Isotropic Raman spectra of the liquid toluene in the region of the n1 (A1) ring breathing vibration at 282 and 338K
and their fits without (a) and with accounting for the AGIBA effect (b, c). Upper panels demonstrate experimental data and their
fits, lower panels – residuals. Thick solid lines represent experimental data, thin solid lines correspond to AGIBA isomers and dot
line – to the 4n16b (A1) vibration
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Interestingly, the integrated intensity of the 4n16b (A1) line
increases significantly, thus demonstrating the growth of
the thermal population of the n16b energy level.


In order to understand the nature of split lines, the
temperature dependences of Raman spectra may be of
great help. Specifically, quantitative Raman intensity
measurements at different temperatures enable one to
determine the thermodynamics of the chemical equi-
librium in a system studied.18 The integrated intensities of
Raman lines Ii and Ij corresponding to species i and j
involved in the conformation equilibrium described as:


i ! j (7)


are related to the concentration of these species ci and
cj, Ik / ck, and to the concentration equilibrium constant
Kc,


Kc ¼ cj


ci
¼ Ij


Ii
(8)


and the enthalpy of the reaction (7) can be determined
from a Van’t Hoff-like plot,


R lnKc ¼ � DH0


T


� �
þ constant (9)


Denoting the high-wavenumber line as corresponding
to the species i and the low-wavenumber line as
corresponding to the species jwe determine the difference
of enthalpy of two conformation isomers in toluene as
�6.7� 0.8 kJmol�1 (Fig. 2). This means that the species i
is more stable than the species j and therefore the
high-wavenumber line corresponds to the more stable
component of the liquid system.


In the Raman spectrum of the liquid toluene, there are
no other overtones, hot bands and combination bands
around 785 cm�1, except those described in Reference 17.


Scheme 2


Table 1. Computation results for isotropic Raman spectrum of the liquid toluene at 282K


Parameters of fits Without AGIBA components With AGIBA components


4n16b (A1), cm
�1 783.2 (6.2) 782.5 (6.0)


n1 (A1), cm
�1 786.66 (2.1) 785.83 (2.5)


786.83 (1.4)
Best weighted sum of squares 4.4496� 107 8.8442� 106


Weighted root mean square error 362.83� 102 113.71� 102


Weighted deviation fraction 1.7769� 10�2 8.5821� 10�3


R2 0.99912 0.99984


Line widths are given in parentheses.


Figure 2. Van’t Hoff-like plot for the AGIBA conformation
equilibrium in the liquid toluene
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This means that the results obtained could hardly signify
imperfections in our computation procedure, and cor-
rectly reflect reality. In order to better understand the
nature of the components of the split line and the species
that might correspond to them, it is worthwhile to discuss
existing data regarding conformational equilibria and
dynamics in toluene and other methyl substituted
benzenes.


In methylated benzenes, CH3 groups may be rotated
with respect to the benzene frame, having two stationary
points corresponding to distinct symmetric configur-
ations. The eclipsed configuration has one of the methyl
C—H bonds in the plane of the benzene ring, which is a
plane of symmetry. The staggered configuration has one
of the methyl C—H bonds in a plane perpendicular to the
benzene ring, and this plane is a plane of symmetry. In
toluene, a symmetric sixfold potential barrier separates
stable conformations. A qualitative picture illustrating
this issue is presented in Fig. 3a.


According to a recent review,19 in the gaseous phase,
the energy difference between eclipsed and staggered
conformations of toluene determined by various tech-
niques is of about 50–100 Jmol�1, so that the CH3 groups
rotate practically freely. Assignment of the lower state is,
however, disputable. In the aromatic molecules, the
methyl torsional barrier is assumed to originate from the
difference in the p-bond order between two ring C—C
bonds nearest to the methyl group.20 In this case, the
energy of the eclipsed conformation must be greater than
that of the staggered one.21 On the other hand, supersonic
molecular jet spectroscopy22 and quantum mechanics
estimates23 suggest that the staggered configuration has
lower energy. Interestingly, splitting of R—X stretching
vibrations in eclipsed and staggered conformations is
predicted as 0.75 cm�1.23


It is a well established fact, that on liquefaction,
rotational barriers tend to increase.24 Recent NMR and
neutron scattering studies entail a certain degree of
molecular ordering in the liquid and glassy toluene. This
puts constraints to the rotational motion of methyl groups
that becomes far from being free and experiences
potential barriers of about 3.5 kJmol�1.25–27


So, one of possible explanations of the data obtained is
as follows. We ascribe the lowest energy to the eclipsed
conformation. In this case, both AGIBA conformers are
considered eclipsed, and the energy of the trans-eclipsed
AGIBA conformation is lower than the energy of the
cis-eclipsed AGIBA conformation by �DH0¼ 6.7kJmol�1


(Fig. 3b). The line corresponding to the trans-AGIBA
isomer stabilized by the AGIBA effect has higher
frequency than the line corresponding to the cis-AGIBA
isomer.


One may suggest other explanations of the results
obtained. For example, the split lines may correspond to
staggered and eclipsed conformations, both stabilized by
interactions with adjacent molecules and separated by a
12-fold potential barrier. Considering the staggered


conformation as having the lowest energy, it is possible
to interpret the data in terms of AGIBA-like stable
structures derived from staggered conformations. How-
ever, these and other possible explanations seem less
probable than that presented above. Further quantum
chemistry studies would be of great value for clarifying
this intriguing issue.


CONCLUSION


In this paper, we present the first possible spectroscopic
evidence of the AGIBA effect in liquids. It is found that
Raman spectroscopy may be a powerful tool for
recognizing AGIBA effects. In the liquid toluene, instead
of being single, the lines corresponding to the ring
breathing vibrations are split by �1.2 cm�1. Temperature
dependences of intensity reveal that the difference of
enthalpy of two conformation isomers in the liquid is


Figure 3. Schematic of a sixfold rotational barrier in a
system without (a) and with (b) AGIBA stabilization
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6.7 kJmol�1. The low-wavenumber line corresponds to
the cis-AGIBA isomer and the high-wavenumber line to
the trans-AGIBA isomer stabilized by the AGIBA effect.


It should be noticed that data fits for the liquid
toluene-d8 appear to be unsuccessful. This is probably
caused by the fact that the 4n16b and n1 lines in toluene-d8
are located at 717.2 and 719.04 cm�1 and overlap more
closely than in toluene (783.2 and 786.66 cm�1,
respectively), therefore facilitating divergence of the
fitting procedure. However, using our computational
approach to Raman spectra of other methyl substituted
benzenes, we have noticed similar splittings in the spectra
of xylenes and mesithylene. Treatment of these data is in
progress, and results will be published elsewhere.
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aviour of a series of spiro[indolinepyridobenzopyrans] 1–5 has been
ers of the thermal equilibria between the ring-closed and ring-opened


(merocyanine) isomeric forms of spiropyrans have been determined using UV–Vis absorption and 1H NMR
spectroscopies techniques. The most stable form of 1-(2-hydroxyethyl)-spiro[indoline-pyridobenzopyran] 4 is
represented by its trans-(hydroxystyryl)oxazolidineindoline isomer coexisting in acetone solution with the ring-closed
spiroform. In the presence in solution of metal salts, spiro[indoline-pyridobenzopyrans] exhibit strong ionochromic
effect due to the formation of complexes with the merocyanine ligand. The composition of the complexes formed
by Zn2þ and Ni2þ ions has been determined with the use of spectrophotometric and electrospray ionisation mass
spectroscopy techniques. The stepwise stability constants and spectral properties of the most stable 1:1 and 1:2 metal/
merocyanine complexes have been determined. Selectivity of the complexation reaction depends on the position of the
thermochromic equilibrium. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


Photo- and thermochromic behaviour of spiropyrans, as
exemplified by the case of spiro[indoline-pyridobenzo-
pyrans] 1–5, is caused by the reversible heterolytic
cleavage of the spiro C—O bond followed by cis–trans
isomerisation of the formed metastable merocyanine
form B.1,2


The negatively charged oxygen atom of the merocya-
nine B offers a good donor centre to coordinate metal
ions3–5 and to form molecular complexes with other
electrophilic species.6,7 In general, the formation of
complexes leads to significant changes in their absorption

Scheme
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and fluorescent characteristics as compared to the free
ligands B. At the same time, the ring-closed isomers of
spiropyrans (SPP) A do not possess strong donor ability,
do not form stable metal or molecular complexes and their
spectral properties are very slightly disturbed by metal
ions. Switching between the two states sharply different
in their spectral properties is effected under the action of
light, which also controls the processes of formation and
dissociation of complexes of B. Such spectral behaviour
is at the origin of the use of photochromic spiropyrans, in
particular spiro[indoline-pyridobenzopyrans], as sensi-
tive photodynamic fluorescent chemosensors for metal
ions.8–14

Herein, we report on photo- and thermochromic
properties of new derivatives of spiro[indoline-pyrido-
benzopyrans] and present a study of their complexation
with Mg2þ, Mn2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ metal ions.


1.
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RESULTS


Thermal equilibrium and photochromism


In solutions of nonpolar solvents (hexane, toluene), SPP
1–5 exist in their colourless ring-closed form A, but their
solutions in polar solvents are slightly coloured at room
temperature due to the establishment of the thermal
equilibrium (Scheme 1) and the appearance of small
amounts of the merocyanine isomers B.15


Position of the A  ! B equilibrium in acetone-d6


solutions has been studied using 1H NMR technique.
Chemical shifts of gem-dimethyl and N-alkyl groups as
well as protons at the C3——C4 double bond in the
ring-closed A and ring-opened B isomeric forms of SPP
significantly differ.16,17 For SPP 1–3, 5, the AB-quartet
signals of 3’-H and 4’-H protons of the ring-closed form
A appear as two doublets at 5.97–5.99 and 7.19 ppm
correspondingly (J¼ 10.2 Hz, 4’-H signal is superim-
posed with the 4-H and 6-H signals). The signals of
the diastereotopic gem-dimethyl groups are found in the
range of 1.19–1.26 and 1.34–1.38 ppm and those of the
N-methyl group (for SPP 1–3) in the range of
2.76–2.79 ppm.


In the case of SPP 4, the equilibrium amount of the
isomer B is negligible because it undergoes a further
ring-chain tautomerisation step to convert into the
oxazolidine-containing isomer C (Scheme 2). At
293 K, an acetone-d6 solution of SPP 4 contains 69.2%
of the form C in the equilibrium with A. The signals of
protons of the vinyl group of C appear as an AB-quartet

Scheme


Table 1. Spectral properties of isomeric forms of SPP 1–5 in ace


Compound labsmax (A), nm e (A), L �mol�1 � cm


1 341 4400


2 341 4880


3 341 4490


4 334a 7440a


5 341 4980


a Oxazolidine form.
b Merocyanine content< 2%.


Copyright # 2007 John Wiley & Sons, Ltd.

with chemical shifts at 6.70 and 7.42 ppm and
J¼ 16.1 Hz, similar to the spectral pattern observed for
the analogous trans-(hydroxystyryl)oxazolidineindoline
derivatives.18 Signals of the gem-dimethyl group of SPP 4
are splitted into two singlets at 1.24 and 1.37 ppm (A) and
at 1.23 and 1.51 ppm (C).


In acetone, the cyclic isomers A of spiropyrans 1–3, 5
are characterised by long wavelength absorption bands
with maxima at 341–343 nm and molar absorption
coefficients (e) 4400–4980 L �mol�1 � cm�1. The position
and the intensity of the absorption bands do not
practically depend on the origin of the substituents R1


and R2 (Table 1). The longest wavelength absorption band
of the SPP 4 oxazolidine isomer C has a maximum at
334 nm (e¼ 7440 L �mol�1 � cm�1).


The structured merocyanine absorption bands are
observed in the region 522–620 nm (Fig. 1, Table 1).
For SPP 1 and 3, the equilibrium content (3 and 12%,
respectively) of the merocyanine forms was estimated from
the 1H NMR data and the molar absorption coefficients (e)
of the ring-opened isomers were determined. The values
e¼ 47900–57000 L �mol�1 � cm�1 thus obtained are close
to that found for SPP 1 in chloroform solution.15 For SPP 2,
4, 5, the equilibrium content of the ring-opened isomer B is
very low for a reliable determination with the use of NMR
technique. Hence, the equilibrium content of the B isomer
was estimated spectrophotometrically. The spectral
parameters of the merocyanine isomers B are relatively
slightly affected by the substituents R1, R2, the most
pronounced effect being exerted by an alkoxy group in
position 5 of the indoline fragment (Fig. 1, Table 1).

2.


tone solution


�1 labsmax (B), nm e (B), L �mol�1 � cm�1


562 53900
599 51700
562 —b


599 —b


568 47900
607 57000
561 —b


600 —b


563 —b


598 —b
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Figure 1. Evolution of the absorption spectrum of SPP 3 in
acetone (T¼ 293K) upon irradiation at lirr¼ 365nm. The
spectra were recorded within 1 s interval. (Inset: thermal
relaxation curve observed at 607 nm; dots are experimental
points, continuous line is an approximation by monoexpo-
nential function)


Figure 2. Absorption spectra of an acetone solution of SPP
3 containing metal (II) perchlorates. C(SPP)¼3.45� 10�5M,
C(M)¼1� 10�4M


910 A. V. CHERNYSHEV ET AL.

The calculated constants and thermodynamic
parameters of the tautomeric equilibrium A  ! B are
listed in Table 2. The difference between the levels of the
ground state estimated from DH8 values has been found to
range from 1.0 to 6.2 kJ �mol�1 depending on the SPP
structure (as described in Supplementary Materials).


As shown in Fig. 1, irradiation of an acetone solution of
SPP with UV light at the longest wavelength absorption
band of the ring-closed form A leads to the rise in the
absorption of the ring-opened merocyanine form B. The
initial thermal equilibrium is gradually restored on
extinguishing the irradiation. The thermal relaxation
kinetic curves are sufficiently well fitted to the mono-
exponential function with lifetimes t¼ 2.4–6.0 s at
293 K. The activation energies of the thermal isomerisa-
tion processes range from 30.3 to 74.3 kJ �mol�1 (as
described in Supplementary Materials).

Ionochromism


Upon addition of perchlorates of metal
cations Mg2þ, Mn2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ to acetone
solutions of SPP, the appearance of new intense
absorption bands with maxima at 533–573 nm shifted

Table 2. Thermodynamic parameters of ring-chain tautomeric e


Compound KT� 103 DG8, kJ �mol�1


1 30.1 3.5
2 9.2 4.7
3 141.5 11.9
5 21.8 3.8


Copyright # 2007 John Wiley & Sons, Ltd.

hypsochromically with respect to those of the merocya-
nine isomers B has been observed (Fig. 2). Position of the
absorption bands depends on the metal cation (Table 3).
The solutions of SPP containing Mg2þ, Zn2þ ions exhibit
fluorescence with maximum intensities at 610–625 nm. In
1H NMR spectra of SPP measured in the presence of salts
of metal ions, all the proton signals are shifted downfield
with respect to their positions in solutions of free ligands.
In an acetone solution containing equimolar amounts of
SPP 1 and ZnCl2, signals of protons of gem-dimethyl
group appear as a six-proton singlet at 1.91 ppm, those of
N-methyl protons at 4.14 ppm, protons 3’-H and 4’-H of
the vinyl group at 8.79 and 8.17 ppm (J¼ 15.8 Hz), which
are characteristics of the merocyanine form of the ligand
(Scheme 3).

Stoichiometry and stability of complexes of
SPP with metal ions


The composition of the complexes was determined
spectrophotometrically by means of the isomolar
solutions technique (Job method), which was successfully
applied to analyse composition of various complexes of
spiropyrans with metal ions.19–21 The plot of the corrected
absorbance values measured at the absorption maximum
of a complex of SPP 1 with Zn2þ versus composition
of isomolar solutions is featured in Fig. 3. The sharp

quilibrium in acetone at 293K


DH8, kJ �mol�1 �DS8, J �mol�1 K�1


3.1� 0.5 18.7� 1.8
6.1� 0.6 18.1� 2.0
1.0� 0.2 12.8� 0.5
3.5� 0.3 20.3� 1.0
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maximum of the curve corresponds to the solution
of composition 1:2 (metal/SPP). The analogous curves
with maxima corresponding to the same composition
were obtained when applying absorbances at other
wavelengths. The 1:2 compositions were also found
for the complexes of SPP with other M2þ ions studied
in the present work and for the previously studied22


complex of 6’-nitro-spiropyridobenzopyran with Zn2þ


ion.
The results of the spectrophotometric determinations


of the composition of the complexes of spiro[indoline-
pyridobenzopyrans] with metal ions were corroborated by
the data obtained with the use of electrospray-ionisation
mass spectrometry (ESI-MS) method. Due to its unique
characteristics involving ‘soft’ ionisation and low degree
of defragmentation of a molecule, this method already
became an effective tool for investigation of complexes in
solution.23 The ESI-MS technique has already been
successfully employed to study complexes of crown
containing spiropyrans with alkali and alkaline-earth
metal ions.24–26


Mass spectrum of the positive polarisation of an
acetonitrile solution containing equimolar amounts of
SPP 2 and ZnCl2 (Fig. 4) displays a peak of an ion
[Zn(SPP)Cl]þ at m/z¼ 497 and a peak of an ion
[Zn(SPP)2Cl]þ at m/z¼ 895 originated from the 1:2
complex. The formation of the ions {[Zn(SPP)Cl]2Cl}þ at
m/z¼ 1030 related to the dimer of the 1:1 complex has
also been detected. A peak at m/z¼ 1426 corresponding
to the ion [Zn2(SPP)3Cl3]þ should be assigned to the
associate of the 1:1 and 1:2 complexes. No peaks were
detected that might correspond to the protonated
merocyanine or solvates of the SPP 2 �ZnCl2 complex.
The similar set of signals was observed in the ESI-MS
spectrum of a SPP 2 solution containing Ni(ClO4)2 (as
described in Supplementary Materials).


The investigation of the complex composition of the
SPP with metal ions carried out with the aid of two
different methods (UV–Vis absorption and ESI-MS
spectroscopies) leads to the conclusion on the greater
stability of 1:1 and 1:2 complexes.

Determination of stability constants


In a solution of a spiro[indolinepyridobenzopyran]
containing metal salts, the following equilibria must be
taken into account, where A and B stand for the
ring-opened and ring-closed (merocyanine) isomers of
SPP and MB and MB2 for 1:1 and 1:2 complexes of the
merocyanine form with a metal ion (M).


AÐ B


BþMÐMB


BþMBÐMB2
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Scheme 3.


Figure 3. Continuous variation plot of the SPP 1:Zn
(C(1)þC(Zn)¼3�10�5M) in acetone. I¼ 0.01M
(t-Bu4NClO4). T¼ 293K
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The corresponding equilibrium constants are given by
the Eqns (1)–(3).


KT ¼
½B�
½A� (1)


K1 ¼
½MB�
½B�½M� (2)


K2 ¼
½MB2�
½MB�½B� (3)

Figure 4. ESI-MS spectrum of an acetonitrile solution of SPP
2 containing ZnCl2, C(2)¼C(Zn)¼ 2�10�3M


Copyright # 2007 John Wiley & Sons, Ltd.

Since the concentration of a merocyanine isomer in
solutions is too low to allow for its accurate evaluation,
total concentration of an SPP is always known and can be
used in the calculations. Concentration of species not
involved in the complexation reactions may be expressed
as the sum of the equilibrium concentration of the
ring-closed and the merocyanine forms, and a complexa-
tion constant thus obtained represents an effective value
taking into account the tautomeric equilibrium (1):27


Keff
i ¼


MBi½ �
½MBi�1�½L�i


(4)


where ½L� ¼ ½B� þ ½A� ¼ CSPP
0 �


P
i


i MBi½ � is the equi-


librium concentration of the SPP isomeric forms not
involved in the formation of metal complexes. The Keff


i


values serve as a practical measure of the degree of metal
complexation. The relationship between Ki and Ki


eff is
given by Eqn (5), the validity of which requires
maintaining constant ion strength by using stock
electrolyte t-Bu4ClO4.27


Keff
i ¼


KTKi


1þ KT


(5)


The Ki
eff values have been obtained using spectro-


photometric technique. For this purpose, absorption
spectra of solutions containing a constant amount of
SPP and variable concentrations of metal salt have been
recorded. In order to estimate the complex stability
constants Ki


eff, a numerical iterative method has been
applied by varying Keff


i and molar absorption coefficients
of the species existing in a solution until a minimum of the
function (6) is reached.


F ¼
Xns


i¼1


Xnl


j¼1


Aobs � Acalcð Þ2! min (6)


where ns is the number of solutions under study, nl is the
number of the wavelengths under observation.


Acalc ¼"MB MB½ � þ "MB2
½MB2� þ "eff


L L½ � þ "M½M�


MB½ � ¼
CMK


eff
1 L½ �


1þ Keff
1 L½ � þ Keff


1 Keff
2 L½ �2


MB2½ � ¼ CMK
eff
1 Keff


2 L½ �2


1þ Keff
1 L½ � þ Keff


1 Keff
2 L½ �2


CL ¼MB½ � þ 2 MB2½ � þ L½ �
(7)
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Figure 5. Absorption spectra of SPP 2 in acetone after
addition of various amounts of Ni(ClO4)2. C(2)¼
4.2�10�5M. (Inset: variation of the absorption at 571,
591 and 614nm vs. concentration of Ni(ClO4)2. Points are
experimental values, continuous lines are calculation results)


SPIRO[INDOLINE-PYRIDOBENZOPYRANS] 913

where Aobs and Acalc are the observed and calculated
absorbance values at the selected wavelength. For
minimisation of the function (6), the Newton–Gauss
algorithm has been employed.28 In an iterative nonlinear
procedure, the dependences of absorbance versus
concentration of metal salt at selected wavelengths have
been used. A representative fit is shown in Fig. 5. The fits
are, in general, reasonably good for all studied SPP. The
obtained values of Keff


1 and Keff
2 are collected in Table 4.


This approach allows one to derive molar absorption
coefficients of the 1:1 and 1:2 metal ion/merocyanine
complexes (Table 3), and to calculate the equilibrium
mixture composition for the known concentrations of the
initial components.

DISCUSSION


Spectral properties


Coordination of a metal cation by the phenolate oxygen of
the coloured ring-open form of spiropyrans5 and

Table 4. Logarithms of effective complexes stability constants T


SPP Keff
i Mg Mn C


1 K1 6.19� 0.12 6.63� 0.12 6.87�
K2 5.31� 0.07 5.49� 0.05 5.12�


2 K1 5.44� 0.16 5.54� 0.05 6.68�
K2 4.78� 0.13 4.14� 0.08 5.53�


3 K1 5.88� 0.13 5.36� 0.09 6.24�
K2 5.43� 0.19 4.68� 0.02 5.11�


4 K1 5.69� 0.08 6.09� 0.03 6.61�
K2 4.94� 0.01 4.12� 0.05 5.59�


5 K1 6.17� 0.16 6.33� 0.02 7.45�
K2 5.01� 0.03 5.03� 0.03 6.45�


Copyright # 2007 John Wiley & Sons, Ltd.

spironaphthopyrans27 in 1:1 complexes leads to hypso-
chromic (blue) shift of the absorption band caused by the
polarisation of the p-system of the merocyanine form.
Previously, spectral properties of 1:2 complexes of SPP
with metal ions have been studied for the case of
spironaphthopyran–M2þ system.27 It has also been shown
that the longest wavelength absorption bands of the
complexes of Co2þ and Cu2þ are shifted hypsochromi-
cally relative to the absorption of the merocyanine ligand
and bathochromically (red shift) with respect to the
absorption of the corresponding 1:1 complex. At the same
time, the spectrum of the 1:2 Ni2þ complex is bath-
ochromically shifted relative to the spectrum of the
merocyanine ligand.


For all 1:1 and 1:2 complexes of SPP 1–5 studied in the
present work, the longest wavelength absorption bands
are shifted hypsochromically with respect to these bands
of the merocyanine ligand. The maxima of the longest
wavelength absorption bands of the 1:2 complexes are
found in the longer wavelength region of the visible
spectrum than those of the 1:1 metal complexes. As it is
seen from Fig. 6, there is a good linear correlation
between the positions of the absorption maxima of 1:1
complexes formed by SPP 2–5 and complexes of SPP 1.


In SPP 4 and 5, a substituent R1 offers an additional
donor centre (hydroxy and carboxy group, respectively)
that can be coordinated by a metal ion. It was shown29 that
in the complexes formed by metal ions with the
merocyanine isomers of 1-(v-carboxypolymethylene)-6-
nitrospiro-[2H-1-benzopyran-2,2’-indoline] not only the
phenolate oxygen, but also a carbonyl oxygen of the
carboxy group were involved into the coordination site of
the metal complex providing, thus, for the stabilisation of
cis-configuration of the merocyanine ligand. This effect
manifests itself by the appearance of two long wavelength
absorption bands at 410 and 490 nm that correspond to cis-
and trans-conformations of the merocyanine ligand,
respectively.29 No such splitting of the longest wavelength
absorption band was observed for the case of complexes of
SPP 4 and 5with metal ions (Fig. 6), the position of which is
a characteristic of trans-isomers of merocyanines.30 At the
same time, the formation of metal complexes of SPP 4
with Cu2þ ions and SPP 5 with Zn2þ, Co2þ and Cu2þ ions

¼293K, I¼0.01M (t-Bu4NClO4)


o Ni Zn Cu


0.05 7.06� 0.11 7.74� 0.02 8.09� 0.06
0.03 5.69� 0.07 5.59� 0.01 5.18� 0.04
0.22 6.89� 0.13 6.62� 0.12 8.78� 0.25
0.13 5.49� 0.09 5.69� 0.11 5.85� 0.08
0.09 6.44� 0.08 6.98� 0.13 7.62� 0.17
0.21 5.64� 0.14 5.90� 0.15 5.93� 0.20
0.17 6.68� 0.05 6.40� 0.13 9.01� 0.23
0.26 5.57� 0.07 5.45� 0.11 6.00� 0.02
0.08 7.39� 0.03 7.97� 0.04 8.02� 0.08
0.09 5.73� 0.04 5.68� 0.02 6.42� 0.11
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Figure 6. Interrelationship between lmax of SPP 1 and 2–5
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is accompanied by a significant decrease in the intensity of
the absorption bands (e¼ 3.3–3.5� 104 L �mol�1 � cm�1


for 1:1 complexes) as compared with the same type of
complexes of SPP 1–3 (e¼ 4.1–5.1� 104 L �mol�1 � cm�1)
(Table 3). Such an effect may be associated with the
stabilization of one of the trans-isomeric forms of the
merocyanine ligands brought about by the coordination of a
metal cation by the hydroxyl (for SPP 4) or carbonyl (for
SPP 5) oxygen centres. Of all possible trans-isomers, only
those with trans–trans–cis (TTC) or cis–trans–trans (CTT)
structures afford the steric conditions necessary for the
formation of a tridentate complex with metal ions, that is for
involving into the coordination site of the pyridine nitrogen,
the phenolate oxygen and an oxygen centre of the
substituent R1 (Scheme 4).


The 1H 2D NOESY NMR spectrum (as described in
Supplementary Materials) of an acetonitrile-d3 solution
of SPP 5 containing an equimolar amount of ZnCl2 gives
a clear evidence for the TTC configuration of the
merocyanine ligand in the 1:1 Zn2þ � 5 complex. The
cross-peaks of the spectrum point to the close proximity
of 3’-H and 5’-H, 4’-H and b-methylene, as well as 3’-H
and gem-dimethyl protons. The results obtained suggest
that in the complex of SPP 5 with Zn2þ the ligand occurs
as TTC conformer.

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

Factors determining complex stability. Stability of
a complex and therefore selectivity of complexation
reaction depends both on the nature of a metal ion and on
the peculiarity of the ligand structure. For the most
studied spiropyrans, a sequence of the effective binding
constants depending on the metal ion nature is in
accordance with that observed for 8-hydroxyquinoline
complexes.31 The copper complexes are the most
stable especially for SPP 2 and 4. On the other hand,
manganese complexes are among the less stable together
with magnesium complexes especially for SPP 2
(Table 4). The investigated complexes are differently
sensitive to the spiropyran structure. This sensitivity may
be caused not only by the nature of donor atoms and
feasible steric effects32 but also by the effect of
tautomerism A  ! B on the resulting complex stability.
The latter is explained by the fact that reactive
merocyanine isomer is engaged in two competitive
processes—tautomeric equilibrium and complexation
equilibrium.33 The stability of the most stable copper
complexes increases monotonically in the SPP range 3, 1,
5, 2, 4 (Table 4) with the decrease of the merocyanine
concentration as a result of the tautomerism A  ! B
(Table 2). For other metal ions, this regularity is
characterised by the rise of the stability on going from
SPP 3 to SPP 1 and then to SPP 5. Nevertheless, the
complex stability decreases on going from SPP 2 to SPP
4. The manganese and magnesium complexes are the
most sensitive to the spiropyrane structure. Zinc, cobalt
and nickel complexes are of intermediate stability values
(Table 4).

Conclusion


Photo- and thermally induced conversion between the
spirocyclic and the merocyanine isomers of 6’-chloro
substituted spiro[indolinepyridobenzopyrans] has been
studied. The 1-(2-hydroxyethyl) derivative of SPP exists
mainly under the most stable trans-(hydroxystyryl)
oxazolidineindoline form. Metal ions (Mg2þ, Mn2þ,
Co2þ, Ni2þ, Cu2þ, Zn2þ) induce isomerisation of the
SPPs and the formation of intensely coloured complexes

4.
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with the merocyanine isomeric forms. By means of ESI-MS
and UV–Vis spectroscopies, the complex compositions
have been proved to be 1:1 and 1:2. The corresponding
stepwise stability constants have been determined and
spectral properties of mono- and bis- complexes have been
investigated. In the mono-complex of 1-(2-carboxyethyl)-
substituted SPP with Zn2þ, the merocyanine isomer has
TTC conformation due to the supplementary coordination
of the metal ion with the carboxy oxygen atom. The metal
ions can be ranged in accordance to the stability of their
complexes that depends on the SPP structure. Therefore,
these results provide a possibility to control complexation
selectivity by adjusting thermal equilibrium between the
spiro- and the merocyanine forms.

EXPERIMENTAL


Compounds


6’-Chloro substituted spiro[indoline-pyridobenzopyrans]
(SPP) 1–5 have been prepared by coupling corresponding
2-methyleneindolines or halides of the 3H-indolium in
the presence of a base with 5-chloro substituted
formylquinolinol.15

Spectral measurements


1H NMR spectra were recorded on a Varian Unity-300
(300 MHz) spectrometer at 20 8C in acetone-d6 and
acetonitrile-d3.


The absorption spectra were recorded on an Agilent
8453 diode-array thermostated spectrophotometer. The
emission and excitation fluorescence spectra were taken
on Varian Cary Eclipse spectrofluorimeter.


Mass spectra of acetonitrile SPP solutions containing
metal salts were recorded on a Finnigan LCQTM DECA
ESI-MS spectrometer. ESI-MS was performed at 20 8C
under dark conditions, with a sample flow rate of
5 ml �min�1. The sheath gas rate was set at 10 units under
an N2 pressure of 0.73 MPa.


The solutions for spectrophotometric investigations
were prepared by mixing exact aliquots of standard
2� 10�4 M solutions of SPP and a metal salt with
subsequent dilution in 10 ml flasks. The solutions were
allowed to stand for 24 h under dark conditions for
complete metal ion complexation.


Metal salts were nitrates, chlorides or perchlorates. The
compounds were dissolved in solvents of highest
spectroscopic grade (Fluka).

Irradiation technique


A 250 W, IR-filtered high-pressure mercury lamp
DRSh-250 equipped with fibre optics was used for UV

Copyright # 2007 John Wiley & Sons, Ltd.

irradiation of the samples. The wavelength l¼ 365 nm
was selected using an interference glass filter. The fibre
optic core was appropriately placed to the thermostated
cell in order to make the irradiation beam perpendicular to
the scanning beam of the spectrophotometer.
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acids (CAA) by gaseous NOþO2, an interesting synthetic pathway
native to the phosgene route, was investigated onN-carbamoyl-valine


either in acetonitrile suspension or solventless conditions, and compared to the classical nitrosating system
NaNO2þCF3COOH (TFA), the latter being quite less efficient in terms of either rate, stoichiometric demand, or
further tractability of the product. The rate and efficiency of the NOþO2 reaction mainly depends on the O2/NO ratio.
Evaluation of the contribution of various nitrosating species (N2O3, N2O4, HNO2) through stoichiometric balance
showed the reaction to be effected mostly by N2O3 for O2/NO ratios below 0.3, and by N2O4 for O2/NO ratios above
0.4. The relative contribution of (subsequently formed) HNO2 always remains minor. Differential scanning
calorimetry (DSC) monitoring of the reaction in the solid phase by either HNO2 (from NaNO2þTFA),
gaseous N2O4 or gaseous N2O3, provides the associated rate constants (ca. 0.1, 2 and 108 s�1 at 258C, respectively),
showing that N2O3 is by far the most reactive of these nitrosating species. From the DSC measurement, the latent heat
of fusion of N2O3, 2.74 kJ �mol�1 at �105 8C is also obtained for the first time. The kinetics was investigated under
solventless conditions at 08C, by either quenching experiments or less tedious, rough calorimetric techniques.
Auto-accelerated, parabolic-shaped kinetics was observed in the first half of the reaction course, together with
substantial heat release (temperature increase of ca. 208C within 1–2min in a 20-mg sample), followed by
pseudo-zero-order kinetics after a sudden, important decrease in apparent rate. This kinetic break is possibly due
to the transition between the initial solid-gas system and a solid-liquid-gas system resulting from water formation.
Overall rate constants increased with parameters such as the specific surface of the solid, the O2/NO ratio, or the
presence of moisture (or equivalently the hydrophilicity of the involved CAA), however without precise relationship,
while the last two parameters may directly correlate to the increasing acidity of the medium. Copyright# 2007 John
Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/.

KEYWORDS: amino acid N-carboxyanhydrides; nitrosation; N-carbamoylamino acids; kinetics; solid-phase reaction

INTRODUCTION


The synthesis of amino acid N-carboxyanhydrides (NCA,
also known as Leuchs anhydrides) 1 is subject to
important research efforts, due to their interest as key
monomers in the synthesis of polypeptide materials.
Classical synthetic routes to NCA usually involving
Leuchs1 or Fuchs–Farthing2,3 methods (Scheme 1),
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ellier-2, Place Eugene Bataillon, F-34095 Montpel-
nce.
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present major drawbacks such as the toxicity of involved
reagents (e.g. phosgene), or the difficulty of separating
side-products, in spite of important efforts made to
improve them by the use of either more efficient leaving
groups, or reagents less toxic than phosgene.4,5


Our previous work dealing with the relevance of
N-carbamoylamino acids (CAA) 2 as possible prebiotic
precursors of peptides,6 led us to examine CAA activation
pathways and to discover that their nitrosation by a
NOþO2 gaseous mixture resulted into smooth, fast NCA
formation (Scheme 2) with nitrogen and water as the only
side products.7 NMR monitoring (in DMSO-d6) showed
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the reaction to proceed through the fast formation of an
intermediate (assumed to be an external N-nitrosourea 3),
followed by its slower decomposition into nitrogen, water
and NCA, most likely through a transient isocyanate
intermediate 4.7 The early intermediacy of an amidium-
type species 5 resulting from the O-nitrosation of urea, is
very probable.8,9 However a further addition-elimination
mechanism on 5 involving the vicinal carboxy group is
likely disfavoured according to Baldwin’s rules10,11 since
it would involve a 5-endo-trig cyclisation, so that its
rearrangement into 3 is more plausible. Such additio-
n-elimination pathway (involving either 3 or 5) may occur
as an alternative to isocyanate formation when the latter is
impossible, for example from N,N-dialkyl ureas.12


Nevertheless such mechanistic issues are not the focus
of the present paper and will be discussed in a future
publication.


One of the major features of CAA nitrosation is that it
occurs in the heterogeneous phase since CAAs are
insoluble in most organic solvents, including acetonitrile
used in previous investigations. This led us to investigate
the reaction without solvent, meanwhile the prebiotic
relevance of such a pathway was also discussed.13 This
new synthetic route to NCA opened new application
perspectives as a potent eco-friendly challenger to
phosgene routes, thus pointing to the need for further
investigations.


Reaction in the solid phase. Although probably
proceeding according to the same pathway, the reaction in
the solid phase appears somewhat more complex.

Copyright # 2007 John Wiley & Sons, Ltd.

Monitoring the NORO2-mediated nitrosation of
N-carbamoyl valine, C-Val, crystals by optical micro-
scopy showed the reaction not to proceed in a truly
solid phase: the solid surface readily wets, while gas
bubbles evolve. While the reaction actually starts as a
solid-gas process, the water released together with NCA
formation partly dissolves the solid material and NOx


species, thus allowing the reaction to progress also in the
liquid phase. At the end of the reaction however, the crude
product is often recovered as a solid and not as an oil:
nitrogen evolution and exothermicity of the reaction
probably contribute to evaporate the water as and when it
is formed.


Previous investigation of solid-gas nitrosation of C-Val
in a fluid-bed reactor by various NO/O2 stoichiometries
with monitoring the total NOx consumption showed
zero-order kinetics,13 however without allowing to
investigate other reaction parameters. Furthermore,
those experiments were poorly reproducible especially
regarding the final CAA-to-NCA conversion. Further
investigation was then necessary to better understand the
reaction in view of future synthetic applications.


In this paper, we present deeper insights in the
efficiency and kinetics of solventless CAA nitrosation by
NORO2, investigating valine as the model amino acid,
with comparison to the reaction in acetonitrile suspen-
sion, and to the more classical nitrosating system
{nitriteR trifluoroacetic acid (TFA)}, the latter being
considered as the reference for further evaluation of
{NORO2} efficiency. NOx speciation (O2/NO ratio) is
chiefly concerned since several species coexist in
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{NORO2} mixtures, those of major interest here
being N2O3 and N2O4 (both of them are formally NOR


donors14). Since water is generated during NCA
formation, we also consider the nitrosating species
HNO2 separately generated from the system {nitri-
teRTFA}.

RESULTS AND DISCUSSION


N-carbamoyl valine C-Val was prepared according to our
previously published procedures,15 by reaction of the free
amino acid with aqueous potassium cyanate, under pH
regulation to 7–8, then easily purified by recrystallisation
from water. NOx nitrosating mixtures were obtained in all
cases by mixing appropriate amounts of NO and O2 at
atmospheric pressure, usually in stoichiometric excess
compared to CAA so that the pressure and stoichiometric
composition of the equilibrated NOx mixture should not
significantly vary along the reaction progress.

Nitrosation of C-Val by nitriteRTFA in
acetonitrile (the reference system)


We investigated HNO2-mediated nitrosation of C-Val
by using the conventional system {sodium nitri-
teþ trifluoroacetic acid} in acetonitrile (Table 1). The
use of moderate excess of nitrite and acid gives good
conversion (evaluated by integration of the Ha peaks
on NMR spectra) within 2 h. To estimate the relative rate
of this system compared to that of the NOþO2 system,
the conversion was measured after 5min, evaluating the
remaining C-Val by HPLC analysis after quenching
the reaction by an excess of sodium hydroxide. While

Table 1. Nitrosation of C-Val (100 mg) by NaNO2þ TFA (various a
reagent stoichiometry (NCA yield not measured when quenched


Run
Time/
min


Initial conditions


[NO�2 ]/[CAA] [TFA]/[NO�2 ] [TFA]/[CAA] [NO


1 30 1.5 1 1.5
2 120 1.5 1.33 2
3 120 1 2 2
4 5 12 0.25 3
5 5 6 0.5 3
6 5 3 1 3
7 5 3 2 6
8 5 1 1 1
9 5 2 0.5 1
10 5 4 0.25 1
11 5 1 2 2
12 5 1.5 1 1.5
13 5 0.75 1 0.75


Working conditions: equilibrated TFA-nitrite mixture according to Eqns 1–2 con


Copyright # 2007 John Wiley & Sons, Ltd.

the reaction is significantly retarded by any excess of
nitrite over TFA, the catalytic effect of TFA is obvious,
in particular when in excess over nitrite, which suggests
the involvement of the acidic form. The origin of such
catalysis can be either general acid catalysis with
formation of the faster nitrosating species NOþ


(Eqn 1), or the formation of nitrosyl trifluoroacetate
CF3CO2NO as an intermediate (Eqn 2). This species has
been reported as an efficient nitrosyl-transferring
agent,16 as well as other nitrosyl carboxylates, for
example acetate.17–19


CF3CO2H
NO2


– HNO2


CF3CO2H
H2NO2


+ NO+ + H2O


(1)


CF3CO2Hþ HNO2! CF3CO2NOþ H2O (2)


It deserves to note that, although efficient and easy to
carry out, the nitrosation of CAA by the {TFAþ nitrite}
system offers poor perspectives in a NCA preparative
scope compared to the {NOþO2} method, since the
presence of salts and water in the reaction mixtures makes
the further purification of NCA very difficult.

Nitrosation of C-Val by NORO2


Gaseous mixtures of NO and O2 react at room
temperature, readily forming rather complex mixtures
of O2, NO, NO2, N2O3, N2O4,


14 the two latter species
being responsible for the nitrosation reaction. Equi-
librium stoichiometry of such {NOþO2} mixtures is
mainly governed by Eqns 3–5 (equilibrium constants at
258C were evaluated from standard formation enthalpies

mounts) in acetonitrile (50 ml) at room temperature: effect of
after 5 min reaction)


Working conditions


Conv.
%


NCA
yield %�


2 ]/[CAA] [HNO2]/[CAA] [NOþ]/[CAA]


0 1.5 0 95 71
0 1 0.5 71 63
0 0 1 87 79
9 3 0 15 n.m.
3 3 0 44 n.m.
0 3 0 58 n.m.
0 0 3 100 n.m.
0 1 0 11 n.m.
1 1 0 16 n.m.
3 1 0 5 n.m.
0 1 0 38.5 n.m.
0 1.5 0 31 n.m.
0 0.75 0 12.5 n.m.


sidered as completely shifted to the right.
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DH0
f and entropies DS0f of the involved species20–22):


NO2! NOþ 1=2O2


ðK1 ¼ 2:77� 10�12 atm1=2 ; 25�CÞ
(3)


N2O3! NOþ NO2 ðK2 ¼ 2:12 atm; 25�CÞ (4)


N2O4! 2NO2 ðK3 ¼ 0:148 atm; 25�CÞ (5)


Due to the very low K1 (Eqn 3 completely shifted to the
left), if O2/NO> 0.5 the species NO and N2O3 are almost
absent from equilibrated mixtures, with pressures of
both NO2 and N2O4 independent of the O2/NO ratio.
Conversely, if O2/NO< 0.5, the amount of N2O4


increases almost linearly with the O2/NO ratio,
while N2O3 remains a minor component (at most a few
mol% around O2/NO¼ 0.25). This occurs over a wide
range of NO initial pressures.


The nitrosation of C-Val by {NOþO2} was examined
in both acetonitrile suspension and solid-gas phase
(without solvent). The evolution of the (exothermic)
reaction could be easily followed by the rapid discolour-
isation of the gaseous phase. In all cases, the reaction was
complete within ca. 10–30min. Meanwhile a lagoon-blue
colour (characteristic of condensed N2O3 and N2O4)
transiently appeared in the condensed phase, together
with heat release.


In the organic suspension, the insoluble, solid CAA
progressively disappeared and was converted into soluble
NCA. In the solid phase, water droplets condensed onto
the walls of the flask. Previous optical microscopy
monitoring showed that a liquid phase forms onto the
solid material, together with gas bubble evolution.
However, in most cases the final product was recovered
as a solid.


The conversion appears mainly dependent on the CAA/
NO/O2 stoichiometry (Figure 1). No reaction occurs in the

Figure 1. Nitrosation of C-Val by NOþO2 at room
temperature and atmospheric pressure: conversion after
30min reaction as a function of the O2/NO stoichiometric
ratio. Reactions carried out in acetonitrile with 625mmol
C-Val (open symbols) or in the solid-gas phase with
187.5mmol (filled symbols) with NO/C-Val stoichiometric
ratios of 1 (diamonds), 2 (squares) or 3 (circles). Experimental
points are connected visually for an easy reading
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absence of oxygen. With a starting stoichiometry NO/
CAA¼ 1, the conversion increases upon increasing the O2/
NO ratio up to ca. 60% at O2/NO¼ 0.2–0.3, roughly
corresponding to the N2O3 overall stoichiometry, then
decreases to ca. 40%. When higher NO/CAA stoichi-
ometries are used, the same trend is observed (in
acetonitrile) with higher conversion, up to 100%; the
minimum O2/NO/CAA stoichiometry required for a
quantitative conversion is 0.6/2/1 and again, the reaction
efficiency decreases with increasing O2/NO ratios. It is
intriguing to observe a so small difference between
acetonitrile and solventless conditions: Bravo et al.23


observed significant solvent effects in various acetonitrile/
water mixtures, with mechanistic change with the water/
acetonitrile ratio and higher rates in pure solvents than in
mixtures. However, our solventless conditions may not be
properly described by a dilute aqueous solution. Retarding
effects have also been observed in acetonitrile at a lower
temperature (�408C) by Darbeau et al.,9 who suspected
acetonitrile to behave as a NOþ transfer agent in spite of
the supposed inertness of the nitrile group.

Involved nitrosating species and their relative
efficiency (NOx speciation)


CAA nitrosation involving either N2O3 or N2O4 (Eqns
6–7), as well as N2O3/N2O4 hydrolysis (by water
subsequently released together with NCA formation,
Scheme 2) releases nitrous and/or nitric acid, respectively.
The resulting acidification of the medium (certainly
very strong under ‘dry phase’ conditions where reactive
species are highly concentrated in the condensed
phase) allows HNO2-mediated nitrosation to take place
through the protonated, very reactive species H2NO


þ
2
24


(as with the {nitriteþTFA} system), a pathway much
faster than the slow dehydration of HNO2 into N2O3.


25


CAAþ N2O3 ! 3þ Hþ þ NO�2 (6)


CAAþ N2O4 ! 3þ Hþ þ NO�3 (7)


CAAþ H2NO
þ
2 ! 3þ H3O


þ (8)


Measurement of nitrite and nitrate anions in crude
reaction mixtures (by capillary electrophoresis after
alkaline quenching) therefore leads to the evaluation of
the relative contributions of N2O3, N2O4 and HNO2 to the
overall nitrosation process – N2O4 being quantitatively
related to nitrate (Eqn 7), N2O3 to nitrite (Eqn 6) after
correction of the overall imbalance corresponding to
HNO2/H2NO


þ
2 consumption (Eqn 8, the latter pathway


releasing no anion). Direct hydrolysis of N2O3/N2O4


turned out to be negligible (not exceeding a few per cent
in blank experiments). We also assumed the dismutation
of HNO2 into NO, H2O and HNO3 (usually occurring at
high temperatures) to be sufficiently slow under our
conditions to be negligible as well.14 What could not be
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Figure 2. Contribution of the different nitrosating species
in dry nitrosation of solid C-Val by {NOþO2} at room
temperature, compared to overall conversion, as a function
of O2/NO ratio: N2O3 (squares), HNO2 (circles) and N2O4


(triangles). Hashed area: unreliable results because of uncer-
tainty in the (measured) low conversion range (<10%)
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neglected is the formation of additional nitrite anions
from dismutation of unreacted NO during alkaline
quenching, a phenomenon occurring for O2/NO ratios
below 0.5 and inducing up to 25% bias in nitrite
measurement. Quantification of the phenomenon on
blank experiments allowed correcting it satisfactorily.


Results of the relative contribution of NOx species to
overall conversion versus O2/NO ratios are shown in
Figure 2. Relative contributions of N2O3 and N2O4 do not
follow their equilibrium ratio in the gas phase, meaning
that equilibria Eqns 1–3 are actually shifted during the
nitrosation reaction. N2O4 is the major contributor
with O2/NO ratios larger than 0.4, while N2O3 is the
major contributor when O2/NO ratios are smaller than
0.3. The apparent trend inversion observed at the
lowest O2/NO ratios (<0.15) is questionable because
of the inaccuracy of measured low conversion values and
would require further investigation. In all cases HNO2


(H2NO
þ
2 ) contributes to a smaller extent to the overall


process, its contribution appearing roughly as the
intersection of the N2O3 and N2O4 curves. This suggests
that a stoichiometric amount of either N2O4 or HNO3

Table 2. DSC data for nitrosation of C-Val (12.5mmol) by sodiu
(average of several measurements), DSC peak temperature Tm; c
pre-exponential factor A, extrapolated rate constant k at 258C)


[TFA]/[NO�2 ] 1 (3/3)


DSC rate/8Cmin�1 5 8


�DH (kJ �mol�1) 134.1 138.9 2
Average �136.5


Tm (8C) �1.7 �2.0
EA (kJ �mol�1) 104.5 96.1 1


Average 100
A (s�1) 1.5� 1018 5.1� 1017 2.8


Average 1.0(�0.5)� 1018


k258C (s�1) 7.0(�0.4)� 10�1
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would be required to ensure HNOþ2 -mediated nitrosation
from HNO2, while catalytic amounts were expected to be
sufficient since protons are supposedly regenerated after
the nitrosation step (Eqn 8). Possible reasons can be
kinetic, with for instance the slow decay of subsequent
cationic intermediates.


Thermoanalytical kinetic investigation


Thermochemical and kinetic parameters of the nitrosation
reaction involving either N2O4, N2O3 or HNO2/NO


þ


without solvent, were investigated through differential
scanning calorimetry (DSC) monitoring, a technique
allowing to measure both the reaction heat DHr, as well as
its apparent rate constant k and activation energy EA. DH
is directly given by DSC peak integration. Assuming that
the reaction is pseudo first-order ([�dj/dt¼ k(T) � j] with
j, the reaction extent) and follows the Arrhenius law
[k(T)¼A � exp(–EA/RT)], parameters EA and A were
determined by fitting of simulated thermograms (easily
computed from given DH, Ea and A at various
temperature scanning rates) to experimental ones.


Nitrosation by HNO2/NO
R (the reference system)


was investigated through the {NaNO2RTFA} system,
with TFA/nitrite stoichiometric ratios of 1/1, 2/1 and 10/3
(the nitrite/C-Val stoichiometric ratio was 3/1 in all
cases). DSC curves exhibit first a small endotherm (TFA
melting), then two exotherms corresponding to TFA-
nitrite neutralisation and to C-Val nitrosation, respect-
ively. An increase in TFA/nitrite ratios resulted into
sharper nitrosation peaks, meaning a significant increase
in the reaction rate.


Measured thermochemical and kinetic data are shown
in Table 2. The obtained reaction heat (DH) for a TFA/
nitrite ratio of 1/1 (S136 kJ molS1), far below those
measured for TFA/nitrite ratios of 2/1 and 10/3
(S230 kJ molS1), suggests the reaction to be incomplete
in the first case (ca. 60% extent), as observed in
acetonitrile suspension, thus questionning the reliability
of associated kinetic parameters. The substantial increase

m nitrite (3 eq.)þ TFA (3, 6, 10 eq.): reaction enthalpy DH
alculated 1st-order kinetic parameters (activation energy EA,


2 (6/3) 3.33 (10/3)


5 8 5 8


28.6 232.4 228.5 231.8
�230.5 �230.2


1.9 3.1 0.0 3.0
07.4 97.7 193.1 185.6


103 189
� 1018 1.9� 1016 1.5� 1035 1.1� 1034


2.8(�0.02)� 1018 0.8(�0.7)� 1035


3.6(�0.4)� 10�1 2.4(�0.6)� 101
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in the rate constant with TFA/nitrite ratio strongly
suggests a catalytic effect of TFA, either due to general
acid catalysis (responsible for the faster formation
of NOR intermediates), or due to the involvement of
trifluoroacetyl nitrite as an intermediate.26 From our
calculated kinetic parameters, the rate constant extrapo-
lated to 25-C is around 0.1 sS1 (kHNO2


).


Nitrosation by (gaseous) N2O3 or N2O4 was
investigated on C-Val in the solid-gas phase. In this
purpose, a small PTFE (Teflon) cup containing solid
C-Val was placed inside the DSC crucible containing the
frozen NOx, to avoid premature contact between the
reacting species. All reactions were carried out with an
excess of nitrosating reagent. N2O3 was prepared
according to the well-known procedure involving nitric
acid reduction by As2O3 just prior to DSC experiments.27


In blank experiments without C-Val, melting
endotherms occurring at S105-C (N2O3) or S13.2-C
(N2O4), allowed to determine the latent melting heat of
these species, 2.74 and 16.77 kJ �molS1, respectively.
While our measurement for N2O4 is in good agreement
with previously published data (14.65 kJ �molS1 at N2O4


triple point28), this is the first report of an experimental
value of N2O3melting heat. With both N2O3 and N2O4 the
nitrosation exotherm observed far below the boiling point
of the NOx species (ca. R3-C and R21-C for N2O3


and N2O4, respectively), confirms that the nitrosation was
effected by gaseous NOx at saturating vapour pressure.
Thermogramms involving N2O4 were processed after
subtraction of N2O4 phase-transition endotherms (DSC
curves of blanks) otherwise interfering with the nitrosa-
tion reaction. Conversely to the {TFAR nitrite} case, the
use of various stoichiometric excesses of N2O3 and N2O4,
resulted in only small changes in thermochemical and
kinetic results (Table 3). Measurements of reaction
enthalpies for C-Val nitrosation involving both N2O3


and N2O4, (Table 3) appear more accurate than those
involving HNO2, showing consistent DH values (S336
and S356 kJ �molS1 for N2O3 and N2O4, respectively)
under various conditions (temperature scan rate, N2O3/

Table 3. DSC data of reaction peak for nitrosation of C-Val (12
reaction enthalpy DH, DSC peak temperature Tm; calculated 1st-or
factor A, extrapolated rate constant k at 258C)


Reagent DSC rate (8Cmin�1)


N2O3


5 8


eq./C-Val 7.9 10.5 8.9 5.9
–DH (kJ.mol�1) 345.7 343.9 328.2 326.9
Tm (8C) �28.9 �28.7
EA (kJ.mol�1) 249.3� 0.2
A (s�1) 5.9 (�1.7)� 1051


k (s�1, 258C) 1.0 (�0.2)� 108


�These values were excluded in the calculation of averaged values.
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N2O4 stoichiometry. . .). From our calculated kinetic
parameters, the rate constants extrapolated at 25-C lie
around kN2O3


� 108 sS1 for N2O3, and kN2O4
� 1.7 sS1


for N2O4. However, such values do not take in account the
quite probably different vapour pressures of N2O3


and N2O4, under the respective experimental conditions
(different temperatures).


Discussion. Measured kinetic parameters and extrapo-
lated rate constants at 25-C are quite consistent with
literature reports on the reactivity of such nitrosating
species in organic media.14 However several questions
arise from these experiments. Firstly, there is an important
difference in the measured DH values which depend on
the nitrosating agent, while similar values would have
been expected. Much lower DH values with N2O3


(S336 kJ �molS1) and N2O4 (S356 kJ �molS1) than with
NaNO2RTFA (S230 kJ �molS1) suggest the presence of
additional exothermic processes in the former cases, for
instance the hydrolysis of either N2O3 or N2O4 with water
released by Val-NCA formation.


Also, the high values of activation energies (EA�
100–200 kJ �molS1, Tables 2–3) for these fast processes,
primarily suggest these reactions to be dominated by
entropic effects. Actually these reactions may be
more complex than first-order, what might also explain
the spectacular EA increase in the nitrosation
by {NaNO2RTFA} by increasing TFA/nitrite ratio
(Table 2). Such EA increase is probably related to
important qualitative (mechanistic) changes. In all cases
this means that the 1st-order kinetic model used probably
provides quite inaccurate kinetic parameters EA and A.
Parallelly, such high EA values may also be due to
insufficient heat exchange between the reacting material
and its environment, considering the high exothermicity
of the process. In this respect, DSC monitoring at rate of
8-CminS1 which should minimise such effects (com-
pared to those at 5-CminS1), indeed results in smaller EA


values, cf. supporting information.
Further kinetic analysis by more sophisticated models is


also complicated by the coexistence of several isomers of

.5mmol) by excess N2O3 or N2O4 (stoichiometries in table):
der kinetic parameters (activation energy EA, pre-exponential


N2O4


5 8


6.9 5.5 29.8 5.6 4.6 23.9 6.4
346.8 369.2 363.2 352.3 319.2� 342.2 365.2


�8.0 �4.2
102� 4


7.8 (�0.02)� 1018


1.7 (�0.5)
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both species N2O4 and N2O3
29 (Scheme 3), for which


insufficient thermodynamic data are available, for example
about interconversion equilibria. For instance, while the
symmetrical isomer 6 is known as the most stable form of
N2O4, its unstable, asymmetric isomer 7 (so-called nitrosyl
nitrate) is often believed as the one effecting nitrosation.14,29


Also, the asymmetric structure 8 is described as the most
stable form of N2O3 in either gaseous or condensed
phase, while nitrosation reactions may rather involve the
unstable, symmetric isomer 9 preferentially formed by
addition of NOþNO2\cdot in condensed media,29 but
until now characterised only in solid argon matrix.30–33


The major influence of the O2/NO ratio on the
efficiency of solid C-Val nitrosation by the gaseous
mixture NOþO2, may therefore be interpreted in terms
of changes in the availability of the involved nitrosating
species, namely N2O3, N2O4 and HNO2, the former being
the most reactive.


Kinetic investigations of the solid-gas phase
nitrosation


To circumvent the rapidity of the reaction at room
temperature (usually less than 5–10min), kinetic inves-
tigations were carried out at 08C in the presence of

Figure 3. Nitrosation of C-Val in the dry phase at 08C by 5 eq. NO
(squares) and products: Val-NCA (triangles), Val (diamonds) (meas
for an easy reading. Curves: time evolution of temperature: of the
C-Val (dotted line), of the solid substrate (continuous line) deposite
latency, acceleration and zero-order kinetic steps, respectively (s
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excess NOx, so that the pressure and stoichiometric
composition of the equilibrated NOx mixture should not
significantly vary along the reaction.


We first investigated the evolution of the reaction
extent. Solid C-Val (60–80mesh powder) was reacted in a
flat-bottom flask at 08C under inert atmosphere (N2).
Gaseous NO was injected, then (at t¼ 0) O2, so that O2/
NO¼ 1/4. At time t the reaction was quenched by a fast
nitrogen flush, and the product distribution was deter-
mined by 1H NMR in DMSO-d6. Together with the
expected Val-NCA, the reaction produced significant
amounts of free valine, resulting from the hydrolysis of
the NCA by water released during the reaction. The
kinetics was monitored by repeating the reaction with
quenching at various times. Results reported in Figure 3
show the process to be somewhat complex: we first
observe an 1–2-min latency time (A), followed by a
strong acceleration (B) for a few minutes, then a slower,
linear evolution (C), until ca. 95% conversion is reached.
Complete conversion was achieved within 20min, where
ca. 15% of NCA was hydrolysed into free valine.
Noteworthy that the observed latency-acceleration
sequence closely resembles a parabolic or exponential
growth (cf. discussion section infra: Latency and
acceleration steps).

þ1.25 eq. O2 (O2/NO¼ 0.25). Time evolution of conversion
ured by 1H NMR); experimental points are connected visually
gaseous phase (dash-dot line), of a blank experiment without
d onto the thermometer probe. Time domains A, B, C refer to
ee text)
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Figure 5. Effect of stoichiometric O2/NO ratio (squares:
0.15, triangles: 0.25, circles: 0.40) on the kinetics of nitrosa-
tion of solid C-Val (0.125mmol with average granulometry
211mm) by 5 eq. of NO and either 0.75 (squares), 1.25
(triangles) or 2 eq. (circles) of O2. Curves: exponential growth
(Eqn 9) and zero-order (with SUC model: Eqn 12) kinetic fits
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Figure 4. Effect of average C-Val granulometry hGi (circles:
60mm, triangles: 211mm, squares: 358mm) on nitrosation
of solid C-Val (0.125mmol) by 5 eq. of NO and 1.25 eq. of O2


(O2/NO¼ 0.25). Curves (dotted lines: hGi¼ 358mm): expo-
nential growth (Eqn 9) and zero-order (with SUC model: Eqn
12) kinetic fits
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This important increase in reaction rate, as well as the
exothermicity of the overall process (occurring in a
heterogeneous system), led to assume that the tempera-
ture of the condensed phase may be neither constant nor
homogeneous, and to carry out calorimetric investi-
gations. The use of microcalorimetric techniques was
unsuccessful however: in the available set-up it was
impossible to inject sufficient amounts of NOx reagent
(diluted in an N2 stream) for any reaction to be
observable. Alternately, we carried out rougher calori-
metric investigations in the same glassware setup as
above, by the use of the metallic probe of a conventional
electronic thermometer (results on Figure 3). No
significant temperature changes were recorded in the
gas phase, except a small exotherm during the first 30 s,
corresponding to NO autoxidation with O2 since it was
also present in a blank experiment without C-Val (cf.
discussion infra). To monitor the temperature changes in
the solid phase, a small amount of C-Val was
recrystallised directly onto the thermometer probe then
placed inside the set-up instead of being spread in the
flask. In the typical temperature evolution profile (also
shown on Figure 3), we observe first a small exotherm
during the first 30 s (also observed when monitoring the
temperature of the gas phase or in a blank experiment
without C-Val), then a second, intense exotherm
coincident with the acceleration step (B), followed by
a pseudo-exponential decay coincident with the zer-
o-order step (C).


Monitoring of either or both reaction extent or
temperature was used to investigate various reaction
parameters. Although our calorimetric technique did not
allow to control the specific surface of the solid material,
it appeared useful for investigating the reaction kinetics,
in a more expedient way than quench/NMR techniques,
thus allowing several complementary parameters to be
investigated.


Effect of the specific surface of solid C-Val. The
reaction was carried out on solid C-Val of various gran-
ulometries, obtained from sieving a single batch of
recrystallised, then ground C-Val. Three fractions were
obtained: 40–50mesh (hGi¼ 358mm, Ssp¼ 136 cm2 � gS1),
60–80mesh (major: hGi¼ 211mm, Ssp¼ 231 cm2 � gS1)
and 180–400mesh (hGi¼ 60mm, Ssp¼ 810 cm2 � gS1).
Specific surfaces Ssp are evaluated after solid C-Val density
and average grain size. Using these three C-Val
granulometries with the same O2/NO stoichiometric ratio
of 0.25, we observed very similar kinetic curves, all
exhibiting the latency/acceleration/zero-order sequence.
The curves appear almost superimposable after an overall
streching/shrinking along the time axis. While the
kinetic curves observed with the medium granulometry
(hGi¼ 211mm), or with the thickest granulometry
(hGi¼ 358mm) are almost identical as that obtained on
the whole batch of ground C-Val, using the finest
granulometry (hGi¼ 60mm) results into a significantly

Copyright # 2007 John Wiley & Sons, Ltd.

accelerated process (Figure 4). This effect of solid specific
surface was not investigated by calorimetric experiments
where this parameter was not easily tunable.


Effect of NO/O2 stoichiometric ratio. Symmetri-
cally, the effect of NOx mixture stoichiometry was also
investigated on the 60–80-mesh (hGi¼ 211mm) fraction.
Kinetic results are shown in Figure 5. Again, we observed
similar kinetic profiles, exhibiting the latency/acceleration/
zero-order sequence, with a streching/shrinking along the
time axis depending on the O2/NO ratio: the highest O2/
NO, the fastest the kinetics is. Temperature-monitoring
experiments provided similar results (Figure 6): an
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Figure 6. Effect of NOx stoichiometry on nitrosation of solid
C-Val at 08C by 5 eq. NOþ various amounts of O2. Tempera-
ture of the solid (deposited onto the thermometer probe) as
a function of time, under various O2/NO ratios: 0.15 (dotted
line), 0.25 (dash-dot line), 0.40 (solid line)
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increase in the oxygen stoichiometry decreased the latency
delay (from 1.5min with O2/NO¼ 0.15 to 40 s with O2/
NO¼ 0.4), meanwhile the main exotherm appeared
sharper. This is consistent with different nitrosating ability
along NOx speciation as observed above, but it may also be
correlated to faster/slower acidification of the medium (see
Discussion below).


Effect of the NO/O2 injection sequence. We
investigated the possible coupling of NO autoxidation
with O2 (NO) with the nitrosation reaction, by varying
the O2/NO injection protocol. When NO and O2 were
injected sequentially over C-Val, we observed almost
no difference (within experimental error) whether
NO or O2 was injected the first. When NO and O2 were
mixed prior to contact with C-Val, the first, small
exotherm disappeared – thus confirming it is due to NO
autoxidation – and the main exotherm (nitrosation) was
both delayed (3.8min vs. 2.3–2.5min) and lowered. In all
cases however, the conversion was complete after 1 h
reaction. The boosting of the nitrosation step by the
NORO2 autoxidation step may be due to either the
exothermicity of the latter, or to the direct contact of
C-Val with reactive NOx intermediates (e.g. N2O3),
possibly enhanced by the fact that NORO2 autoxidation
may occur between adsorbed species.


Nevertheless in further experiments we adopted the
NO-then-O2 sequence (always used unless otherwise
specified), for all NORO2 reactions with CAA, which
provided both the easiest procedure, the most efficient
reactivity, and the best reproducibility (e.g. against
moisture effects, cf. infra).


Effects of moisture and amino acid hydrophobi-
city. The presence of moisture from the beginning of the
reaction also accelerates the reaction. When the reaction
is carried out under strictly dry conditions (careful-
ly-dried vessel and reagents), both substantially increased
latency time and weaker exotherm are observed
compared to the reaction carried out without avoiding
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moisture (e.g. insufficient precautions taken by rainy
weather). Conversely, the addition of a droplet (1–2ml) of
water into the set-up prior to O2 injection results in an
earlier, sharper exotherm. The same effect was observed
(same changes in thermogramms) when using a
premixed NOx reagent, however with poorer reproduci-
bility except under strictly dry conditions (e.g. NO—O2


transfer under nitrogen counterflow). Such poor reprodu-
cibility is probably due to the high hygroscopicity of
the NOx mixture.


Alternately, a similar moisture effect was observed on
thermogramms (both latency delay and main exotherm
shape) when nitrosating various CAA such as C-Ala,
C-Phe, C-Tyr by 5 eq. NOR 0.75 eq. O2 under dry
conditions: the observed relative reactivity of these CAA
roughly followed the hydrophilicity order of their
side-chains: C-Tyr�C-Ala >C-Val >C-Phe. While the
final conversion was complete after 1 h for C-Val and
C-Ala, it was only 65% for C-Phe and ca. 51% for C-Tyr.
Upon nitrosation of C-Tyr, a yellow-orange mixture was
formed, possibly due to further nitrosation of the aromatic
ring (prone to electrophilic substitutions because of the
phenol group). Increasing the oxygen/NO ratio up to
0.40 in this case did not result in significant increase in
conversion. Most likely, hydrophilicity (resp. hydropho-
bicity) of the side-chain of the amino acid contributes to
retain (resp. repell) water evolved from NCA formation,
thus having the same influence on the reaction kinetics as
above.

Discussion: kinetic analysis


The behaviour of the system appears more complex here
(Figures 4 and 5) than previously observed kinetics under
fluid-bed conditions.13 In such heterogeneous environ-
ment, the only convenient kinetic variable is the reaction
extent j of the overall nitrosation reaction.


Latency and acceleration steps. In all experiments,
the latency time A is roughly proportional to the
acceleration time B, both steps being then possibly parts
of a parabolic-shaped kinetic curve. Indeed steps (A–B)
together can be accurately fitted with a function of type:


j ¼ ðk0=k1Þ � ðexpðk1 � tÞ � 1Þ (9)


which is a solution of the differential equation:


dj=dt ¼ k0 þ k1 � j (10)


with j being the reaction extent and k0 the apparent rate
constant at the beginning of the reaction (08C). Mean-
while there is no evidence of any true latency delay before
the parabolic growth (kinetic fits are not improved by
replacing t by t–t0 in Eqn 9). Both rate constants k0 and k1
globally increase with either the O2/NO ratio or the
specific surface Ssp of solid C-Val, however without any
precise linear relationship.
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Equation 9 is a simple model for the kinetics of either
an autocatalytic reaction occurring at constant tempera-
ture (k1 then being the autocatalytic rate constant), or of
an exothermic, zero-order reaction occurring in an
adiabatic system, the latter in the approximations of
both invariant heat capacity along the reaction and linear
dependence of the rate constant k with temperature (e.g. a
linear approximation of the Arrhenius law over a small
temperature range).


Both the reaction exothermicity and the substantial
temperature increase observed (Figs 3 and 6), strongly
argue in favour of the second hypothesis, namely thermal
self-acceleration. This would originate from quite slow
heat diffusion throughout the solid C-Val or towards the
(thermostated) walls of the vessel, compared to the
nitrosation rate, surprisingly even for the slowest
kinetics, for example with O2/NO¼ 0.15, where Eqn 9
still accurately fits experimental data. Thermal self-
acceleration has already been proposed to account for
unaccountably high activation energies evaluated through
DSC monitoring (cf. previous section).


A combination of both phenomena (thermal self-
acceleration and autocatalysis) is also possible. It is
worthy to note that, when water is present at the beginning
of the reaction, its rate substantially increases over all
steps; since the reaction itself releases water (together
with NCA), this should logically act as an autocatalyst.
Such autocatalysis may be chiefly physical however,
through the formation of a liquid phase and dissolvation
of solid reactants, thus increasing their molecular
mobility.


Zero-order kinetics. The linear evolution sequence C
(ca. 40–50% to ca. 90% conversion, assumed to occur at
constant temperature) fits very well a zero-order kinetics,
of rate kzero (Table 4). To better account for the reaction in
a powdered solid, we fitted our data with a shrinking
unreacted core (SUC) model commonly used in
solid-phase chemistry, which hypothesises the (zero-
order) reaction to start at the surface of the material, then
to propagate towards the core of the material, without
diffusion of the reactants into the unreacted solid. With a

Table 4. Kinetic fits for solid C-Val nitrosation at 08C by gaseous
(least square) fitting equations: Eqn 9 for exponential-growth
zero-order with SUC model


O2/NO


Reaction parameters Exponential


pN2O4
�


(10�3 atm)
hGi
(mm)


Ssp
(cm2 � g�1


k1
(min�1)


k0
(min


0.15 12.1 211 231 0.425 0.00
0.25 23.3 358 136 0.824 0.02
0.25 23.3 211 231 0.885 0.01
0.25 23.3 60 810 3.09 0.04
0.4 41.6 211 231 1.08 0.06


*Calculated at 0 8C and constant volume in an equilibrated mixture of 0.14 atm
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simplified model assuming the powder to be made of
identical, spherical particles, the kinetic law writes as:


dj=dt ¼ kSUC � ð1� jÞ2=3 (11)


which integrates as


j ¼ 1� ð1� kSUC � ðt � t0Þ=3Þ3 (12)


where kSUC is the (particle-size dependent) rate constant
and t0 is the time at which the reaction is complete (j¼ 1).
This model fits our data from 40–50% to 100% conversion
(Table 4) with an accuracy similar to the linear fits of
the 50–85% conversion range. Both kSUC or kzero rate
constants increase with either the O2/NO ratio or the
specific surface Ssp of solid C-Val, however without
precise linear relation.


The break in kinetic curves. We hold no definite
explanation yet for the sudden break between self-
accelerated kinetics (parabolic growth) and zero-order
kinetics, systematically occurring at 40–50% conversion
and coincident with the end of the exothermic peak on
thermogramms, and which obviously denotes a signifi-
cant change in the reaction process. As a first hypothesis
(consistent with the rate increase with specific surface), if
the self-accelerated step corresponds to the reaction of
CAA with previously adsorbed NOx species, then the
break corresponds to either exhaustion of these adsorbed
species, or to their desorption because of the temperature
increase. Then the rate-limiting process in the subsequent
zero-order step would be the slow adsorption of NOx


species.
Another, more plausible hypothesis is that this break


would be the transition between a two-phase (solid-gas)
and three-phase (solid-liquid-gas) system during the
reaction, due to the accumulation of both water and nitric
acid generated by the reaction. The formation of such a
liquid phase may have several consequences, both
physical an chemical:

� T

NO
se


gr


�1


829
38
44
19
78


of

he formation of such a continuous liquid film between
the (finely divided) solid C-Val substrate and the wall
of the vessel (thermostated to 0-C) should ensure a

x under various reaction conditions. Parameters of various
quence, j¼ j0þ kzero� t for zero-order fit, Eqn 12 for


owth fit Zero-order fit SUC fit


) R2
kzero


(min�1) R2
kSUC
(min�1) R2


0.9997 0.034 0.9967 0.061 0.9954
0.9968 0.044 0.9989 0.099 0.9722
0.9981 0.047 0.9997 0.11 0.9789
1.0000 0.17 0.9983 0.38 0.9862
0.9938 0.099 0.9969 0.23 0.9906


NO with appropriate O2 pressure, cf. Supporting Information.
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more efficient heat transfer, with sudden chilling of the
substrate, significantly lowering the reaction rate and
breaking the self-accelerated kinetics.


� R

etarded water evaporation, occurring only once a
threshold temperature is attained in the substrate: such
heat dissipation may contribute to lower the tempera-
ture of the substrate, thus decreasing the reaction
apparent rate. This effect is probably weak however:
the vaporisation heat of water (ca. 10 kcal �molS1) is
indeed significantly lower than the nitrosation exother-
micity (ca. 80 kcal �molS1, vide supra).


� A

 change in the nature of the nitrosating species (vide
supra): while in the solid-gas process the reaction
is probably mediated by reactive covalent species
(N2O3, N2O4), once a liquid phase is formed the
nitrosating species might be ions, such as NOR (from
dissociation of either N2O3 or N2O4) or H2NO


R
2 (from


protonation of HNO2), due to the acidity of this
liquid phase also resulting from partial hydrolysis
of N2O3 and N2O4 into HNO2 and HNO3, respectively.
We observed (cf. above) the intrinsic reactivity
of H2NO


R
2 /NO


R to be lower than that of either
N2O3 or N2O4.


Acidity and N2O4. Nevertheless this change in
nitrosating intermediates is probably not the main cause
of the kinetic break. Indeed, we observed sharper
exotherms and increased rates of both self-accelerated
and zero-order steps when the reaction was carried out
with either added water at the reaction beginning, or with
increased O2/NO ratios (Figures 5 and 6), while both
factors contribute to the release of more nitric acid,
therefore to the formation of increased NOR amounts.
This acidification of the medium is probably the cause of
the apparent catalytic effect of N2O4: when varying
the O2/NO ratio, increments in rate constants (Table 4)
almost linearly follow the equilibrium partial pressure
of N2O4 (itself increasing with the O2/NO ratio). Further
investigations would be necessary to definitely conclude
on this point.

CONCLUSIONS


We have highlighted the major influence of the
O2/NO ratio on the efficiency of solid C-Val nitrosation
by gaseous NOþO2 mixtures, probably due to the
changing availability of involved nitrosating species,
namely N2O3, N2O4 and HNO2 (the latter formed in
contact with water). Thermoanalytical investigation of
the reaction effected by either of the above species
allowed to evaluate and compare their rate constants,
showing that N2O3 is by far the most reactive under our
conditions. To the best of our knowledge, this is the first
report of such kinetic results concerning the nitrosation of
CAA in the solid phase. Meanwhile, we also report the
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measurement of the latent heat of fusion of N2O3


(2.74 kJ �mol�1) for the first time. Comparison of the
{NOþO2} nitrosating systems to {sodium nitriteþ
TFA} for NCA synthesis shows the former to be more
efficient in terms of either reagent stoichiometric demand,
reaction rate, or further tractability of the crude product.


Kinetic investigation of solid-phase nitrosation of CAA
by gaseous NOx is a challenging problem due to the
number of both physical and chemical elementary steps
involved, with insufficient knowledge on many of them.
Moreover such kinetic investigation of solid-gas reactions
is not frequent in fine organic chemistry. Our investi-
gations on solid N-carbamoyl valine nitrosation by
gaseous NOx revealed two distinct kinetics in the course
of the reaction: first an unexpected auto-accelerating step
with exponential growth, followed by a (pseudo)zero-
order step beyond ca. 40–50% conversion. While the
rationalisation of each step is possible separately if
considering temperature increase due to exothermicity,
possible (auto)catalytic effects related to water formation,
or pseudo-zero-order kinetics in a SUC model, several
hypotheses/explanations remain possible concerning the
neat transition between these two kinetic behaviours,
which may involve both physical (e.g. formation of a
liquid phase) and chemical (depletion of adsorbed
reactive species, or change in reaction intermediates)
factors.


Beyond the interest of this reaction in the field of
molecular origins of life as a possible prebiotic pathway
from amino acids toward peptides on the primitive
Earth,13,34 further investigation is in progress to improve
the efficiency and selectivity of this NCA synthesis in a
preparative scope, also examining alternative nitrosating
systems, such as nitrosyl halides.

EXPERIMENTAL SECTION


Caution: hazardous compounds


Nitric oxide is skin- and mucous-irritant. Nitrosoureas are
potent carcinogens. All operations involving the handling
of these compounds or their solutions were carried out
wearing gloves in a fume hood. Effluents were destroyed
by treatment with concentrated aqueous sodium hydroxide.

Materials and methods


Methanol was obtained from Baeckeroot (France).
Alanine, valine, phenylalanine, tyrosine were obtained
from Aldrich. Potassium cyanate was obtained from
Prolabo. Hydrochloric acid (36%) was obtained from
Carlo Erba (France). Nitric oxide and oxygen were
obtained from L’Air Liquide (France).


Potassium cyanate was washed with methanol then
dried in vacuo prior to use in order to remove ammonia
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traces. All other reagents and solvents were used as
received. Gaseous NO and O2 were handled in separate
glass syringes at room temperature and under atmos-
pheric pressure.

Physical measurements


1H-NMR spectra were recorded on a Bruker AC200 or
AC250 spectrometer (200 or 250MHz, respectively) in
DMSO-d6 solution.


Capillary electrophoretic (CE) separations were per-
formed using an automated CE apparatus (Beckman P/
ACEMDQ, Fullerton, CA, USA) with a negative polarity
on the inlet side of the capillary. Fused-silica capillary –
(Cil Cluzeau) 50mm i.d.� 30 cm (20 cm to the detector) –
was initially conditioned with sodium hydroxide (0.1 M


for 15min under a pressure of 20 psi). Prior to analysis,
the capillary was washed with 0.1 MNaOH (20 psi for
1min), MV water (20 psi for 0.5min) and background
electrolyte (20 psi for 10 s). The capillary was thermo-
stated at 258C. Samples were introduced hydrodynami-
cally by the application of a positive pressure of 0.3 psi for
10 s. Nitrate and nitrite were monitored by UVabsorption
at 214 nm. The experiments were carried out applying a
constant voltage of �10 kV. The background electrolyte
was a 10mM (pH 8.5) borate buffer containing 150mM
of sodium chloride.


DSC analyses were performed using a Mettler-Toledo
DSC–30 apparatus coupled with a TA4000 processor and
monitored using the GraphWare TA72 software, using
sealable, stainless-steel crucibles (120ml, 20 bar)
obtained from Mettler-Toledo.


X-ray diffraction analysis of C-Val was carried out on a
4-circle CAD4 diffractometer with l¼MoKa. Although
the molecular structure was unambiguously established,
standard deviations on bond lengths and angles were too
large (due to poor quality of C-Val single crystals) to be
worthy of separate publication (cf. Supporting Infor-
mation). Powdered solid C-Val density was measured
using a Micromeritics AccuPyc 1330 pycnometer.


Microcalorimetry experiments were carried out using a
Microscal Ltd Flow Microcalorimeter (FMC) system
including a thermal conductivity detector (1308C), a
Bronkhorst High-Tech flowmeter and a Kipp & Zonen
integrator. Temperature monitoring of C-Val reaction
was realised by means of a Checktemp 1 electronic
thermometer (metallic thermal probe).

N-Carbamoylamino acids


N-carbamoylvaline C-Val, N-carbamoylphenylalanine
C-Phe and N-carbamoylalanine C-Ala were prepared
according to our previously published procedure.15 Solid
C-Val of selected granulometry was obtained by grinding
pure C-Val then sieving through 80–40, 246–175 and
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400–315mm sieve pairs. X-ray analysis of C-Val were
performed on a C-Val single crystal prepared by slow
recrystallisation from water.


N-carbamoyltyrosine C-Tyr was prepared using the
procedure described for C-Val, using 5 g (27.6mmol)
tyrosine and 4.48 g (55.2mmol) potassium cyanate in
50ml water at 508C, pH 7.5 for 15 h. The reaction mixture
was concentrated in vacuo at 308C to half-volume then
acidified to pH 2. After recrystallisation from boiling
water, 4.58 g (74%) pure material was obtained. dH 2.80
(2H, ABX syst., Hb, Jab¼ 5.5Hz, Ja � b¼ 7.5Hz,
Jbb’¼ 14Hz); 5.65 (2H, s, —NH2), 4.26 (1H, ABX
syst., Ha, Ja �b¼ 5.5Hz, Jab¼ Ja–NH¼ 8.0Hz), 6.08 (1H,
d, —NH—, Ja–NH¼ 8.0Hz), 6.75 (2H, d, H1), 6.98 (2H,
d, H2), 9.23 (1H, s, —OH), 12.56 (1H, s, —COOH). dC
37.67 (Cb), 54.78 (Ca), 115.80 (C1), 128.96 (—CAr—
CH2—), 130.97 (C2), 156.76 (—CAr—OH), 158.95
(—NH—CO—NH2), 174.90 (COOH).

Nitrosation of C-Val by NaNO2R TFA in
acetonitrile suspension


In a 100-ml glass flask fitted with a magnetic stirrer were
introduced 100mg (625mmol) C-Val, appropriate
amount of sodium nitrite and acetonitrile (50–y ml, y
being related to the amount of TFA to be added). The flask
was closed with a silicon rubber cap, then flushed with
either helium or nitrogen for 30min, then y ml of a
0.375M solution of TFA in acetonitrile was injected into
the vessel by means of a glass syringe. Either of the
following procedures was then applied:

a) A

fter stirring for 5min at room temperature, the
reaction was quenched by injection of an excess 1 N


aqueous sodium hydroxide into the vessel. After
in vacuo evaporation of the solvents, the residue
was dissolved in 50ml of HPLC eluent (water/aceto-
nitrile: 90/10 v/v), and analysed by HPLC for remain-
ing C-Val titration.

b) A

fter reaction completion (30–120min), the setup was
flushed by nitrogen for 10min then the solvent was
removed in vacuo. The residue was then dissolved in
DMSO-d6 for NMR analysis.

Nitrosation of C-Val by NORO2 in acetonitrile
suspension


A 100-ml glass flask fitted with a magnetic stirrer and
containing 100mg (625mmol) of C-Val in 50ml
acetonitrile was closed with a silicon rubber cap and
flushed by nitrogen for 20min (by means of steel
needles through the silicon cap). 14, 28 or 42ml (0.625,
1.25 or 1.88mmol, respectively) of gaseous NO was
then injected into the setup, followed by the appropriate
amount of O2 by means of glass syringes. After stirring
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for 30min at room temperature, the setup was flushed
by nitrogen for 10min, and the solvent was removed
in vacuo (rotary evaporator). Either of the following
procedures was then applied:

a) T

Cop

he residue was dissolved in DMSO-d6 for NMR
analysis.

b) T

he residue was dissolved in 50ml of HPLC eluent
(water/acetonitrile: 90/10 v/v), and analysed by HPLC
for remaining C-Val titration.

Nitrosation of C-Val (solid-gas phase)


A 29-ml, flat-bottom glass reactor containing 30mg
(187.5mmol) of C-Val (ground to mesh-size 246–
175mm) was closed with a silicon rubber septum and
flushed by nitrogen for 10min (by means of steel needles
through the silicon cap). 4.2ml (187.5mmol, 1 eq.) gaseous
NO was then injected into the setup, followed by the
appropriate amount of O2 (0.2 to 6.0ml) by means of glass
syringes. After 30min stirring at room temperature, either
of the following procedures was applied:

a) T

he setup was flushed by nitrogen for 10min, then the
residue was dissolved in DMSO-d6 for NMR analysis.

b) 5

ml aqueous NaOH 0.2 N was injected into the reac-
tion mixture, which was then stirred for 1 h at rt. 1ml
aqueous KBr (c¼ 8.412� 10�3mol �L�1) was added
to the mixture which was then diluted to 100ml in
water. An 1ml aliquot of this solution was submitted
to CE analysis for nitrite and nitrate quantification.
Migration times (min) under the used conditions: 2.45
(Br�: reference), 2.85 (NO�2 ), 3.05 (NO


�
3 ). Extinction


coefficients were previously calibrated using standard
solutions.

Blank experiments


Estimation of N2O3/N2O4 hydrolysis. The same
setup as above was flushed with nitrogen for 10min, then
appropriate amounts of NO and O2 were injected by
means of glass syringes. 2ml of either saturated aqueous
NaCl or 50% aqueous HNO3 were then injected into the
setup. After 10min reaction, 5ml of 0.2 N aqueous NaOH
were injected into the setup, while this was quickly
flushed with nitrogen for a few seconds. The resulting
aqueous mixture was stirred for 1 h then worked up as
above for CE analysis.


Evaluation of alkaline dismutation of NO. The
above 29-ml reactor containing 30mg (187.5mmol) of
C-Val (ground to mesh-size 246–175mm) and appropriate
amounts of NaNO2 and NaNO3, was closed with a silicon
rubber septum and flushed by nitrogen for 10min at room
temperature, prior to the injection of the appropriate
amount of NO. The system was immediately quenched by

yright # 2007 John Wiley & Sons, Ltd.

injection of 5ml of 0.2 N NaOH then worked up as above
for CE analysis.

DSC monitoring of C-Val nitrosation


To avoid any premature reaction, all reagents were frozen
with liquid-nitrogen prior to any contact with each other
until DSC experiments.


Nitrosation by HNO2. Finely powdered C-Val (2mg,
12.5mmol) and NaNO2 were introduced into the DSC
crucible, which was then frozen (liq. N2) prior to
introduction of frozen TFA. The crucible was sealed then
stored in liquid nitrogen until being placed into the
(pre-frozen) DSC cell. Temperature scanning:S100-C to
R30-C at rate 5 or 8-CminS1.


Nitrosation by N2O4. Solid (liq. N2-frozen) N2O4 was
introduced into the cold DSC crucible, which was then
immediately frozen in liquid nitrogen. A small, open
PTFE cup (hand-made from PTFE 1/800 tubing) contain-
ing 2mg (12.5mmol) of finely powdered C-Val, was then
placed into the crucible (on top of solid N2O4). The sealed
crucible was stored in liquid nitrogen until being placed
into the (pre-frozen) DSC cell. Temperature scanning:
S80-C to R50-C at either 5 or 8-CminS1.


Nitrosation by N2O3. Same procedure as above, using
solid (liq. N2-frozen) N2O3 instead of N2O4. Temperature
scanning: S150-C to R10-C at either 5 or 8-CminS1.


Preparation of N2O3:
27 15ml of 70% aqueous nitric


acid was added dropwise to 8 g, (40.4mmol) of dry As2O3


placed under inert atmosphere in a magnetically stirred,
chilled (ice-bath), closed flask. The evolving dark-
brown-reddish gas was directly condensed at S10-C in
a separate flask as a dark-blue liquid, where it was stored
as a liquid under saturating NO atmosphere.

Solid-Phase nitrosation of C-Val: kinetic
experiments


In a 100–ml glass-reactor was introduced 20mg
(125mmol) of C-Val of appropriate granulometry. The
reactor closed with a silicon-rubber septum was flushed
by nitrogen (by means of steel needles through the
septum) for 10min at room temperature, then for 15min
at 08C (ice-water bath). After a few minutes standing,
14ml (625mmol, 5 eq.) NO then a selected amount of O2:
2.1ml (93.8mmol, 0.75 eq.), 3.5ml (156mmol, 1.25 eq.)
or 5.6ml (250mmol, 2 eq.) were rapidly injected into the
reactor by means of glass syringes. After a given time t
(O2 injection being done as t¼ 0) the reaction was
quenched by a fast nitrogen flush and the setup was
warmed to rt, then the crude product was immediately
dissolved in DMSO-d6 and analysed by 1H NMR.
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Nitrosation of C-Val with temperature
monitoring


The same setup as above was used, with the probe of an
electronic thermometer fitted through the silicon-rubber
cap. 25mg (156mmol) C-Val was deposited onto the
metallic thermal probe by repeated recrystallisation from
a saturated methanol solution (2–3 recrystallisation layers
were usually necessary; the amount of C-Val deposited
was checked by weighting the probe before and after
deposition). The probe covered by C-Val was dried in
vacuo at 308C prior to introduction into the reactor.
The setup was then thermostated to 08C (crushed-ice
bath) and flushed with nitrogen prior to injection of NO
and O2 (same amounts and protocol as above). The
temperature was monitored every 5 or 10 s along the
reaction (O2 injection was taken as t¼ 0). At the end of
the reaction (ca. 20min), the setup was flushed with
nitrogen and warmed up to rt, then the crude solid was
immediately dissolved in DMSO-d6 and analysed by
1H NMR.


Reverse O2-NO injection sequence. The same
protocol as above was applied except O2 was injected
before NO. NO injection was taken as time t¼ 0.


Premixed-NOx injection. The same protocol as above
was applied; the mixing of O2 and NO was realised
immediately prior to injection into the nitrosation setup.
2.1ml of O2 was first loaded into the glass syringe, which
was then connected to the NO delivery setup. A pressure
slightly exceeding atm pressure was applied to load 14ml
NO, cheked on syringe graduations. The gas mixture was
allowed to stand for ca. 30 s prior to injection into the
nitrosation setup. When dry conditions were required, the
whole O2/NO handling process was carried out under
nitrogen flush.

Nitrosation of C-Ala, C-Phe, C-Tyr with
temperature monitoring


The same procedure as for C-Val was applied using either
21mg (159mmol) of C-Ala, 30mg (144mmol) of C-Phe,
or 36mg (161mmol) of C-Phe (all crystallised onto the
thermometer probe from saturated methanol solution)
instead of C-Val. The NO-then-O2 injection sequence was
applied in all cases.

Supplementary Material


Supporting information is available inWiley InterScience
at http://www.interscience. wiley.com/jpages/0894-3230/
suppmat/.
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Carré from Chemistry Departmen, University of Mon-
tpellier 2 for X-ray diffraction measurements.

REFERENCES


1. Leuchs H. Ber. Dtsch. Chem. 1906; 39: 857–861.
2. Farthing AC, Reynolds RJW. Nature 1950; 165: 647.
3. Coleman D, Farthing AC. J. Chem. Soc. Abstr. 1951; 3218–3222.
4. Kricheldorf HR. a-Aminoacid-N-Carboxy-Anhydrides and


Related Heterocycles. Synthesis, Properties, Peptide Synthesis,
Polymerisation. Springer-Verlag: Berlin, 1987.


5. Wilder R, Mobashery S. J. Org. Chem. 1992; 57: 2755–2756.
6. Taillades J, Beuzelin I, Garrel L, Tabacik V, Commeyras A. Orig.


Life Evol. Biosphere 1998; 28: 61–77.
7. Collet H, Bied C, Mion L, Taillades J, Commeyras A. Tetrahedron


Lett. 1996; 37: 9043–9046.
8. Meijide F, Vazquez Tato J, Casado J, Castro A, Mosquera M.


J. Chem. Soc., Perkin Trans. 2 1987; 1759–1765.
9. Darbeau RW, Pease RS, Perez EV. J. Org. Chem. 2002; 67:


2942–2947.
10. Baldwin JE. J. Chem. Soc. Chem. Commun. 1976; 734–736.
11. Baldwin JE, Cutting J, Dupont W, Kruse L, Silberman L, Thomas


RC. J. Chem. Soc. Chem. Commun. 1976; 736–741.
12. Suzuki M, Yamazaki T, Ohta H, Shima K, Ohi K, Nishiyama S,


Sugai T. Synlett 2000; 189–192.
13. Taillades J, Collet H, Garrel L, Beuzelin I, Boiteau L, Choukroun


H, Commeyras A. J. Mol. Evol. 1999; 48: 638–645.
14. Williams DLH. Nitrosation. Cambridge University Press: Cam-


bridge, 1988.
15. Taillades J, Boiteau L, Beuzelin I, Lagrille O, Biron J-P, Vayaboury


W, Vandenabeele-Trambouze O, Giani O, Commeyras A. J. Chem.
Soc., Perkin Trans. 2 2001; 1247–1254.


16. Rice DE, Crawford GH. J. Org. Chem. 1963; 28: 872–873.
17. Stedman G. J. Chem. Soc. Abstr. 1960; 1702–1709.
18. Casado J, Castro A, Lopez Quintela MA, Mosquera M, Rodriguez


Prieto MF. Monatsh. Chem. 1983; 114: 647–660.
19. Casado J, Castro A, Mosquera M, Rodriguez Prieto MF, Vazquez


Tato J. Monatsh. Chem. 1984; 115: 669–682.
20. Verhoek FH, Daniels F. J. Am. Chem. Soc. 1931; 53: 1250–1263.
21. Beattie IR, Bell SW. J. Chem. Soc. 1957; 1681–1686.
22. Lide DR. Handbook of Chemistry and Physics, 81st edition. CRC


Press: Boca Raton, FL, 2000.
23. Bravo C, Hervès P, Leis JR, Pena ME. J. Chem. Soc., Perkin


Trans. 2 1991; 2091–2095.
24. Singer K, Vampley PA. J. Chem. Soc. 1956; 3971–3974.
25. Ridd JH. Quart. Rev. 1961; 15: 418–441.
26. Kim JC, Cho IS, Choi SK. J. Korean Chem. Soc. 1991; 35:


240–248.
27. Schenk PW. In Handbook of Preparative Inorganic Chemistry,


Brauer G (ed.). Academic Press: New York, 1963.
28. In Encyclopedie des gaz - L’air Liquide. Elsevier: Amsterdam,


1976; 1065–1072.
29. Challis BC, Kyrtopoulos SA. J. Chem. Soc., Perkin Trans. II 1978;


1296–1302.
30. Hisatsune IC, Davlin JP, Wada Y. J. Chem. Phys. 1960; 33:


714–719.
31. Varetti EL, Pimentel GC. J. Chem. Phys. 1971; 55: 3813–3821.
32. Nour EM, Chen LH, Laane J. J. Phys. Chem. 1983; 87: 1113–1120.
33. Wang X, Qin Q-Z. Spectrochim. Acta A 1998; 54: 575–580.
34. Commeyras A, Collet H, Boiteau L, Taillades J, Vandenabeele-


Trambouze O, Cottet H, Biron J-P, Plasson R, Mion L, Lagrille O,
Martin H, Selsis F, Dobrijevic M. Polym. Int. 2002; 51: 661–665.

J. Phys. Org. Chem. 2007; 20: 271–284


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 574–588
Published online 31 May 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1209

Photochromism of dihydroindolizines part VII:
multiaddressable photophysical properties of new
photochromic dihydroindolizines bearing substituted
benzo[i]phenanthridine as a fluorescing moietyy

Saleh Abdel-Mgeed Ahmed*


Chemistry Department, Faculty of Science, Assiut University, 71516 Assiut, Egypt


Received 10 January 2007; revised 25 February 2007; accepted 29 March 2007

*Correspondence
Fakultät II, Insti
D-10623 Berlin,
E-mails: ahmed@
yThis work is ded
72nd birthday.


Copyright # 200

ABSTRACT: Sixteen benzo[i]phenanthridine derivatives 8a-p were prepared via photocyclization of cis-trans
substituted 4-styrylquinolines in low-to-moderate yields. The chemical structure of the photocyclized benzo[i]phe-
nanthridine derivatives was unambiguously elucidated by means of both spectral and analytical tools. The photo-
chromic (PC) dihydroindolizines (DHIs) 8a-p based on benzo[i]phenanthridines were prepared in 19–57% yields via
nucleophilic addition of benzo[i]phenanthridines 4a-p to spirocyclopropenes 5. The 1D, 2D, NOESY NMR spectra,
mass spectrometry, and elemental analysis were used for characterization of the chemical structures of the newly
synthesized DHIs 8a-p. Developing and tuning of the photophysical properties of the synthesized compounds by
substituents in the base part have been achieved. The absorption maxima (lmax) and the half-lives (t1/2) of the colored
zwitterionic forms 7a-p were detected in all cases by flash-photolysis measurements due to the fast
1,5-electrocyclization back to the DHI system. Irradiation of DHI 8a-p in CH2Cl2 solution with polychromatic
light leads to the formation of green to green–blue colored betaines 7a-p after cooling with liquid nitrogen. The
kinetics of the fast bleaching process of betaines 7a-p to DHIs 8a-p, studied by flash photolysis as well as low
temperature FT-UV/VIS, were found to take place in the millisecond range (432–2675 ms) in dichloromethane
solution and fitted well a first-order thermal back reaction. The fluorescence spectra as well as the fluorescence
quantum yield were studied. Noticeable bathochromic and hypsochromic shifts in the emission spectra by changing
the substituents in the base part were monitored. Interestingly, the photo-fatigue resistance of some studied betaines
7a-p showed a higher t30-value than the standard one (dicyanopyridazine DHI). Large solvatochromic effects on the
absorption maxima (lmax) as well as a substantial increase in the half-lives (t1/2) with solvent polarity of betaines 7a-p
were also observed. The multiaddressable PC properties of DHIs 8a-p will help these compounds to find applications.
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photocyclization; photochromism; dihydroindolizines (DHIs); flash photolysis; fluorescence; photo-fatigue;


solvatochromism

INTRODUCTION


In the recent years, the design and synthesis of organic
photochromics (PCs)1a have attracted considerable atten-
tion because of their potential applications to molecular
devices, such as high density optical memories1–3 and photo-
optical switching,4–6 optically switchable gratings,7–9 and
non-linear optics.10 Extensive research has been devoted to
study the molecules whose physical properties can be
reversibly switched using light. This is due to the

to: S. A. Ahmed, Technische Universität Berlin,
tut für Chemie Strasse des 17. Juni 135/Sekr. C3,
Germany.
chem.tu-berlin.de; saleh_63@hotmail.com
icated to Prof. Dr Heinz Dürr on the occasion of his


7 John Wiley & Sons, Ltd.

possibility of such materials to give a high lateral
resolution and short switching time as well as to have
an almost instantaneous verification of written data and
photo-optical technology.4–8 The design of light-driven
molecular switches is an active area of research, since they
are crucial for devices that operate at the molecular and
supramolecular levels,11–17 A PC material is characterized
by its ability to undergo reversible transitions between two
states that have different optical properties. The transition
in at least one direction should occur when the material is
exposed to electromagnetic radiation while the transition in
the other direction could be accomplished by either
electromagnetic radiation of different wavelength or by
some other processes (e.g., thermally).1a


Among various thermally reversible PC compounds,
dihydroindolizine derivatives which were discovered and

J. Phys. Org. Chem. 2007; 20: 574–588







Figure 1. Kinetics of the photocyclization reaction of sub-
stituted 9-styrylquinolines 1a-p to substituted benzo[i]phe-
nanthridines 4a-p recorded by gas chromatograph (GC). The
cyclization rates depend on the experimental conditions.
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developed by Dürr18,19 in 1979 are the most promising
compounds because of their fatigue resistant and wide
range lifetimes as well as absorption spectra of the
colored betaine forms. Nowadays, it is possible to tune
the absorption spectra of the colored forms, half-
lives, photostability, colorability, and solvatochromism
by changing the substitution in the dihydroindolizines
(DHI) regions.1,20–26 To the best of our knowledge, this
unique set of properties of the DHI family will help to
find applications.


In a continuation of our work dealing with the
preparation and PC behavior of the dihydroindolizine
systems, the present work will shed more light on the
multifunctional PC properties of a new type of PC
dihydroindolizines bearing a substituted benzo[i]phenan-
thridine unit. The fluorescence spectra of this family will
confer another important property27–44 (S. A. Ahmed, C.
Weber, Z. A. Hozien, Kh. M. Hassan, A. A. Abdel-
Wahab, H. Dürr, unpublished results). In addition, the
photocyclization of 4-styrylquinolines to substituted
benzo[i]phenanthridines as precursors for the synthesis
of the desired DHIs is studied.

RESULTS AND DISCUSSION


Synthesis of substituted
benzo[i]phenanthridines 4a-p via
photocyclization of 4-styrylquinolines 1a-p


Different substituted benzo[i]phenanthridines 4a-p were
prepared via photolysis of substituted 4-styrylquinolines
1a-p in hexane solution in the presence of a catalytic
amount of iodine (Scheme 1). The different substituted
4-styrylquinoline precursors 1a-p were prepared pre-
viously in moderate-to-high yields (52–90%) via zinc
chloride catalyzed aldol condensation of 4-methylquino-

Scheme 1. Photocyclization reaction of 9-styrylquinolines 1a-p


Copyright # 2007 John Wiley & Sons, Ltd.

line with substituted benzaldehydes.19,25,43–48 Irradiation
of substituted 4-styrylquinolines 1a-p in aerated cyclo-
hexane solution by high pressure mercury lamp (125 W,
Pyrex filter) for 24–48 h in the presence of iodine as a
catalyst yielded the corresponding substituted benzoi]-
phenanthridines 4a-p in moderate yields (18–38%).


The kinetics of the photocyclization reaction through
the decrease in the concentrations of the educts 1a-p and
the increase in the concentrations of the photocyclized
products 4a-p were monitored by gas chromatography
(Fig. 1). The reaction kinetics were followed by injecting
the irradiated reaction mixture at a concentration of
5� 10�3 M every 3 h as well as thin layer chromatog-
raphy (TLC). Even if the retention time of both educts
1a-p and the photocyclized products 4a-p are very close
(the difference is about 0.10 min) because the difference
in molecular weight between the starting materials and
the products is only 2 (separation depends on the
molecular weight), the reaction proceeding could be

to benzo[i] phenanthridines 4a-p
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Table 1. Substitutions, photolysis times, yields, and melting
points of photocyclized benzo[i]phenanthridines 4a-p


4 R1 R2 R3


Photolysis
time (h)


Yield
(%)


Melting
point (8C)


a H H H 24 20 18548


b H H OCH3 48 22 97
c H H N(CH3) 48 18 103
d H F H 30 30 124
e H H F 35 26 116
f Cl H H 36 38 136
g H Cl H 24 34 123
h H H Cl 24 30 111
i Cl H Cl 24 28 141
j H Cl Cl 24 32 153
k H NO2 Cl 24 31 162
l H H Br 42 23 128
m NO2 H H 24 42 130
n H NO2 H 24 41 149
o H H NO2 24 33 156
p H H COOCH3 45 23 89
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followed and distinguished well between the starting
materials and products (Table 1). In all cases, some
non-identified products were detected.


The pure benzo[i]phenanthridines 4a-p were obtai-
ned by column chromatography on silica gel
and CH2Cl2–hexane (5:5) as the eluent. Interestingly,
the photocyclized products benzo[i]phenanthridines 4a-p
showed a fluorescence emission upon UV-radiation in the
column during purification as well as on TLC plates. This
phenomenon helps to distinguish between the starting
material and the desired products. Further chemical
structure assignments for the products were well
established on the basis of NMR. The NMR spectra of
substituted benzo[i]phenanthridines showed the disap-
pearance of the two doublets of the trans-styryl protons at
around 6.22 and 6.98 ppm with coupling constant of
15.99 Hz and the appearance of two other doublets at 7.34
and 7.99 ppm (CH11, CH12) with coupling constant
about 8.2 Hz which were assigned to the cis-styryl protons
after the photocyclization process. The decrease in the
coupling constant of the styryl protons by about 7.8 Hz is
in good agreement with the conversion of trans-styryl to
cis-cyclized products which is evidence for the formation
of the photocyclization products 4a-p. More details and
structure description about the photocyclization products
will be published elsewhere.

Synthesis of PC dimethyl spiro[fluorene-
9,1(-pyrrolo[1,2-f] benzo[i]phenanthridines]-
2(,3(-dicarboxylate 8a-p.


Spirocyclopropene 5 was obtained via the pyrazole
route27–44 by photolysis of the substituted fluorene
pyrazole using a 125 W high pressure mercury lamp

Copyright # 2007 John Wiley & Sons, Ltd.

in dry ether at room temperature under nitrogen
atmosphere; it was used in the following without further
purification. Electrophilic addition of spirocyclopropene
5 to substituted benzo[i]phenanthridines 4a-p in dry
ether at ambient temperature for 24 h under dry nitrogen
atmosphere in the absence of light afforded the new
PC dimethyl spiro[fluorene- 9,10-pyrrolo[1,2-f]benzo
[i]phenanthridine]-20 ,30-dicarboxylate (DHIs) 8a-p
(Scheme 2) in poor-to- moderate yields (19–57%)
(Table 2).


The reaction occurs through the nucleophilic addition
of the nitrogen of N-heterocyclic benzo[i]phenanthridines
4a-p to the electron-deficient spirocyclopropene 5, which
ring-opens via cyclopropyl–allyl conversions 6a-p to the
colored betaines 7a-p. A subsequent ring-closure to DHIs
8a-p results in a fast thermal 1,5-electrocyclization back
reaction (Scheme 2) which can be reversed upon exposure
to light. Pure PC DHIs 8a-p were obtained in all cases by
two successive column chromatography operations on
silica gel using dichloromethane as the eluent.


The chemical structures of all the synthesized
DHIs 8a-p were established by elemental analysis,
1H, 13C, 1H, 1H-COSY, 1H, 13C-COSY and
1H, 1H-NOESY NMR experiments, mass and IR spec-
troscopy (see the Section Experimental). For example, it is
worth commenting upon some typical features of the NMR
spectra, illustrated by that of 8c. In addition, the chemical
structure of 8c was assigned by 2D-NMR spectroscopy.
The 1H-1H-correlation of 8c was used to assign the protons
of the benzo[i]phenanthridine moiety as well as the
150c-CH proton (region C). The 1H, 1H-COSY spectra of
8c showed that both N(CH3)2, 20- and 30-methyl ester
groups showed no coupling with other protons and
appeared as three singlets at 2.84, 3.15, and 4.32 ppm,
respectively. Interestingly, the 15c0-CH signal was shifted
to high field and appeared as a double doublet at
d¼ 6.04 ppm showing two coupling systems. The first is
due to 5J-coupling with the 140-CH, which appears as
doublet at d¼ 7.22 ppm, the second coupling is due to
5J-coupling with the 1-CH of fluorene which appears as a
double doublet at d¼ 7.46 ppm. A 3J-coupling by 8.26 Hz
at 7.38, 7.92 ppm for the doublet of 90 and 100-CH was
recorded. Further assignments of 140CH and 1-CH of
fluorene and 150c-CH were done by the aid of the NOESY
spectrum of 8c. Its noticeable that 150c-CH at d¼ 6.04 ppm
is close in space to both 140-CH at d¼ 7.22 ppm and 1-CH
of the fluorene moiety at d¼ 7.46 ppm. Additionally, the
connectivity between 140-CH and 8-CH of the fluorene
part at d¼ 7.52 ppm was observed. This vicinity of 140-CH
with 8-CH proved that the benzo[i]phenanthridine
moiety is perpendicular to the fluorene skeleton as
suggested by a molecular modeling calculation24,25 of
8c (Fig. 2). It showed that the distance between both
150c-CH, 140-CH and 1-CH, 8-CH of the fluorene
moiety is <3 Å. Indeed, probably 60-CH and 30-CH3


of the ester group at d¼ 4.32 ppm are close in space to
each other.
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Scheme 2. Preparation outline of photochromic DHIs 8a-p bearing benzo[i]phenanthridine moiety
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Photophysical properties of the new PC DHIs
8a-p and their corresponding betaines 7a-p in
solutions


Absorption spectra of DHIs 8a-p and their
corresponding betaines 7a-p. Photophysical data
pertinent to their PC properties were obtained from the
absorption features of PC DHIs 8a-p. Electronic spectra
of the newly synthesized DHIs 8a-p were measured in
dichloromethane solution with concentration of
0.5� 10�5 M at 23 8C using a UV/VIS spectropho-
tometer. All studied DHIs 8a-p are colorless to pale
yellow in both the solid state and in dichloromethane
solution. The intensities (loge) of these bands were found

Table 2. Substitution pattern of the synthesized DHIs 8a-p, the


DHIs 8 R1 R2 R3


a H H H
b H H OCH3


c H H N(CH
d H F H
e H H F
f Cl H H
g H Cl H
h H H Cl
I Cl H Cl
j H Cl Cl
k H NO2 Cl
l H H Br
m NO2 H H
n H NO2 H
o H H NO2


p H H COOC


Copyright # 2007 John Wiley & Sons, Ltd.

to be between 4.25 and 4.46. Absorptions of DHIs 8a-p
were observed in the UV-region and showed absorption
maxima between 360 and 378 nm (Table 3). This
absorption is depending on the type of substitutions in
the benzo[i]phenanthridine part. Substitution with elec-
tron-withdrawing groups, as in case of DHIs 8m-o,
caused about 12 nm bathochromic shift compared with
the unsubstituted DHI 8a. Substitution with halogens
showed no pronounced effect compared with the
unsubsituted DHI 8a. Due to the increase in the
aromaticity (the presence of the phenanthridine moiety)
of the conjugated DHI skeleton, a shift of around 25 nm
was recorded compared with our work on 9-styryl DHI
system.19,25 As established previously,1 these absorption

ir melting points, and reaction yields


Yield (%) Melting point (8C)


45 254
52 216


3) 36 234
57 219
49 225
46 210
36 221
41 234
46 266
51 247
45 271
55 231
19 213
27 236
39 240


H3 43 199
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Figure 2. Representation of the optimized (MM2) structure
of DHI 8c (optimized energy¼38.23 kcal/mol).
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bands can be assigned to the locally excited p–p
�
-


transition (LE) located in the butadienyl-vinyl-amine
chromophore1,17–25 of DHIs (Table 3).


Irradiation of DHIs 8a-p in dichloromethane solution
with polychromatic light at room temperature did not lead
to any color change due to the fast 1,5-electrocyclization
of betaines 7a-p back to DHI 8a-p. However, red colored
7c and green colored 7a,b,d-p betaines were observed
after irradiation at 253 K using a FT-UV/VIS spectro-
photometer (Fig. 3 for betaine 7c and Fig. 4 for betaine
7m). In addition, a millisecond flash-photolysis technique
was used to determine the absorption of the colored
betaine, as well as the kinetics of the fast electrocyclic
process (Figs 5–7 for betaine 7o). The absorption maxima
of the colored betaines 7a-p were found to be between
450 and 500, 675 and 725 nm. An interesting exception is

Table 3. UV/VIS absorption of DHIs 8a-p and their corresponding
millisecond flash photolysis in CH2Cl2 solution (23 8C, c¼ 0.5�1


7/8 lmax(DHI) (nm) log(e) lmax (betaine) (nm


a 368 4.28 475, 675
b 364 4.33 475,675
c 382 4.46 550
d 360 4.37 500, 675
e 360 4.34 450, 675
f 361 4.32 450, 675
g 361 4.31 450, 700
h 362 3.30 475, 700
i 360 4.42 475, 700
j 364 4.45 450, 700
k 363 4.38 500, 700
l 362 4.36 500, 700
m 380 4.25 475, 725
n 378 4.26 475, 725
o 376 4.27 475, 725
p 365 4.43 450, 675
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that of betaine 7c bearing the N,N-dimethyl group in the
benzo[i]phenanthridine moiety which showed only one
absorption maximum at 550 nm exhibiting a red colored
betaine with the strongest colorability of all studied
betaines. This could be attributed to the strong electro-
n-donating ability of the N(CH3)2 group, a push–pull
system being formed. This exception is in good
agreement with our former studies of the DHI system.17,25


Irradiating DHIs 8a-p in CH2Cl2 at 77K (liquid nitrogen)
gave green and red colors immediately. The resulting
betaines 7a-p could be stored at this temperature for
several weeks without color decay. Compared to
styryl-DHIs, betaines 7a-p showed only absorption in
the visible region (a tailing in the near-IR) without any
detection of absorption in the IR-region as in the cases of
the formerly studied on styryl-DHIs. This is good
evidence for the tunable photophysical properties by
changing the structure of 7 and formerly studied
styryl-DHI system.17,25


Kinetic measurements of the 1,5-electrocyclization
of betaines 7a-p to their corresponding DHIs 8a-p
in dichloromethane solution. The kinetics of the fast
1,5-electrocyclization were studied by using both milli-
second flash photolysis and FT-UV/VIS. The millisecond
flash-photolysis technique showed that the half-lives of the
colored betaines lie between 2695 and 432 ms. A
pronounced effect of the substituents in the benzo[i]phe-
nanthridine part on the half-life times of the betaine form
was recorded (Table 3, Figs 6 and 7). As a general notice,
introducing electron-donating groups as in betaines 7b,c
led to an increase in the half-lives of the colored form and
this may be attributed to the stabilization of the positive
charge on the nitrogen atom of the base part of the betaine.
The higher t1/2 value of the betaine 7c by a factor of 1.75 is
in keeping with stabilization of betaine form by the
electron-donating N,N-dimethyl group. An increase in the

betaines 7a-p and kinetic data of betaines 7a-p recorded by
0�5M)


) k� 103 (s�1) t1/2 (ms) Color of betaine


4.10 1543 Green
6.13 1896 Green
2.24 2695 Red
6.42 1361 Green
9.12 1436 Green
4.03 1654 Green
8.06 1432 Green
4.65 1249 Green


15.40 1199 Green
5.98 1569 Green
9.00 563 Green


12.60 981 Green
5.73 671 Green
8.56 465 Green


13.33 432 Green
5.10 1840 Green
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Figure 3. Kinetics (FT-UV/VIS spectrum) of the thermal fading of betaine 7c to DHI 8c (cycle time¼ 2 s, run time¼60 s)
in CH2Cl2 (c¼0.5� 10�5M at 253K)


Figure 4. Kinetics (FT-UV/VIS spectrum) of the thermal fading of betaine 7m to DHI 8m (cycle time¼1 s, run time¼20 s)
in CH2Cl2 (c¼0.5� 10�5M at 253K). This figure is available in colour online at www.interscience.wiley.com/journal/poc
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half-lives of the colored betaines by enlarging the halogen
atom size and decreasing the electronegativity from
fluorine to bromine was observed. Changing the substi-
tution from 120 to 140 position in the benzo[i]phenan-
thridine moiety led to a large increase in the half-life times
of the corresponding betaine forms. This may be attributed
to the steric hindrance of the substitution in position 140


with the fluorene part because they are close in space to
each other as well as the base part lying perpendicular to
the fluorene part. A drastic decrease in the t1/2 of the
nitro-substituted benzo[i]phenanthridines 7m-o compared
to other substituents is noted. This may be attributed to the
electron-withdrawing effect which destabilizes the positive
charge of the nitrogen atom of the betaine 7.

Copyright # 2007 John Wiley & Sons, Ltd.

Fluorescence emission spectroscopy of the newly
synthesized PC DHIs 8a-p in dichloromethane
solution (c¼5� 10�6M) at 273K. To the best of our
knowledge, only a few PC materials such as anthracenes,1


spiropyrans,36 and fulgimides41,42 show fluorescence
emission. For instance, no emission has been reported
for spiroindolinooxazines41 although the quantum yield
of the ring-opening of the spiro skeleton is ca. 0.50.41 The
only spiro derivatives for which a fluorescence emission
has been reported with a quantum yield of about 0.001
belong to the dihydroindolizine series.41 For this reason,
the determination of the singlet lifetime from the
fluorescence decay of such spiro derivatives can give
an evaluation of the different rate constants of the
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Figure 5. Millisecond flash-photolysis spectrum of betaine 7o. Absorbance decay curves and half-life determination at
different wavelengths (350–750 nm every 25 nm)
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processes which deactivate the singlet excited state,
including that of the formation of the opened betaine
form. For a potential application in information recording
or as optical switches, a very fast ring-opening of the spiro
molecule to the betaine-type structure is desirable.


In the present work, we successfully prepared such
systems which have a quantum yield of almost 0.09 in
certain cases. Figure 8 represents the excitation and
emission spectra of DHI 8b in dichloromethane solution.
The selection of dichloromethane as a solvent in the
fluorescence measurements is due to its moderate polarity
(ET(30)¼ 41).

Figure 6. Absorbance–time relationship for the kinetic thermal fa
550, 600, and 750 nm) for determination of the electrocyclizatio
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From the data listed in Table 4, it is clear that most
compounds show improved fluorescence quantum yields
which vary from 0.13� 10�3 (7o) to 9.87� 10�3 (7d). In
dichloromethane solutions the fluorescence maxima lie
between 516 and 586 nm. A noticeable bathochromic
shift by about 20 nm is observed when the benzo[i]phe-
nanthridine ring is substituted with electron-donating
groups such as methoxy and N,N-dimethyl groups
compared with the unsubsituted DHI 8a. A hypsochromic
shift by about 5–15 nm by changing the position of the
same substituent in the benzo[i]phenanthridine, as in
cases of 7d-o, was recorded. Due to the strong

ding of betaine 7c at different wavelengths (400, 450, 500,
n rate constant k at 253K
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Figure 7. Analysis of the curve at 675 nm (t1/2¼432ms
with correlation coefficient¼ 0.9998) of betaine 7o
recorded by millisecond flash photolysis
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electron-attracting nitro-group, a pronounced hypsochro-
mic shift by about 40 nm compared with the unsubstituted
DHI 8a was observed. An increase in the fluorescence
quantum yield (about 0.01), compared with the other
compounds of this family was observed. The detection of
the fluorescence emission for these DHIs can be
explained by the formation of free resonance energy
transfer (FRET) from the conjugated benzo[i]phenan-
thridine to the DHI skeleton.17


However, it is surprising to observe that the fluor-
escence emission, which should originate from one of the
two orthogonal moieties (each being independent of the

Figure 8. Fluorescence emission spectrum of DHI 8b in
dichloromethane solution (c¼ 1�10�6M) at 23 8C
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other), can be shifted from the absorption maximum in
different DHIs by 140–230 nm. It has been already
pointed out that, for compounds related to those studied
here and by comparison of the radiative lifetime measured
experimentally with the radiative lifetime calculated from
Strickler and Berg’s equation, the excited state that
fluoresces is different from the one which absorbed
light.49 One possibility would be the formation of a
twisted intramolecular charge-transfer state, since the two
entities of the molecule have the ideal geometry.
However, if this had been the case, then one would not
expect a lifetime in the picosecond timescale. Details
about the fluorescence lifetimes of these compounds will
be discussed in a forthcoming paper.


Solvatochromism. It has been known that UV/
VIS-absorption spectra of chemical compounds may be
influenced by the surrounding medium and that solvents
can bring about a change in the position, intensity, and
shape of absorption.50,51 The term ‘solvatochromism’1a


is, however, so well established in the literature that it
would be difficult to convince the scientific community to
change this term to ‘perichromism’, which is certainly a
more general expression for the spectroscopic phenomena
under consideration (perichromism is meant to indicate a
change in color due to the environment (peri) of the
molecule.


A strong effect of the solvent polarity on lmax and
half-lives of betaines 7a-p were observed. For example,
changing the solvent from tetrahydrofuran to methanol
leads to a hysochromic shift of Dnffiþ 750 cm�1 in the
first absorption and about Dnffiþ 980 cm�1 for the second
absorption in visible region. These two solvatochromic
shifts are ascribable to p–p


�
-transitions in the visible


region.
A pronounced solvent influence on the half-lives (t1/2)


of the selected betaines 7a-p was determined using the
flash-photolysis technique in 10 different solvents
(Table 5). A strong increase in the half-lives with
increasing solvent polarity was recorded in all studied
betaines 7a-p (Fig. 9). This is mainly attributed to the
partial charge transfer from the betaine form to the solvent
and vice-versa, as a result of a weak Coulombic-exchange
effects. Therefore, the charged zwitterionic betaine
structure was stabilized by increasing the solvent polarity
due to electrostatic interactions between them.

Photo-fatigue resistance of PC DHIs 8a-p and
their corresponding betaines 7a-p in
dichloromethane solution (c¼ 0.5� 10�5M) at
253K


In studying the quality of a PC system the problem of
carrying out a large number of colorization–
decolorization cycles arises frequently. The gradual
loss of the ability to change color by exposure to visible
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Table 4. Excitation (lEx) and emission (lEm) wavelengths
and fluorescence quantum yield ( fF) of DHIs 8a-p


8 lEx (nm) lEm (nm) fF� 103


a 364 568 3.56
b 361 586 6.89
c 366 580 4.20
d 364 559 9.87
e 363 556 8.9
f 360 552 4.38
g 362 551 4.20
h 364 549 4.01
I 359 557 3.68
j 367 555 3.90
k 364 536 1.39
l 366 544 3.36
m 379 530 0.99
n 377 521 0.35
o 375 516 0.13
p 364 566 5.6
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Figure 9. Balcony diagram representing the influence of
differing solvent polarity on the half-lives (t1/2) of betaines
7a-c,f,h,j,l,n,p recorded by millisecond flash photolysis
technique (c¼0.5� 10�5M/l) at 238C.


Table 6. Photodegradation data of selected betaines 7 in
dichloromethane (c¼0.5�10�5M) at �20 8C


7 t1/2 (ms) t30-betaine/DHI (min) F


a 2653 610 1.13
b 3031 465 0.86
c 3839 450 0.83
d 2523 710 1.30
e 2559 690 0.79
f 2790 715 1.32
g 2588 716 1.32
h 2412 712 1.31
i 2359 798 1.47
j 2679 781 1.44
p 2979 401 0.74
Standard 4230 542 1.0
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or ultraviolet light in this context has been termed
fatigue.1 Gautron52 has advanced a quantitative approach
to measure the fatigue in PC systems.


Due to the fast thermal bleaching process of the
betaines to DHIs, a low temperature FT-UV/VIS
measurement was used in this case. Irradiation of the
degassed dichloromethane solution of DHIs 8a-p at low
temperature (�20 8C) with polychromatic light
(l¼ 200–400 nm), produced the colored betaines 7a-p.
Upon continued irradiation they decomposed after some
time. However, if oxygen is excluded, these systems are
noticeably more stable. It is possible that in the presence
of oxygen, betaines 7a-h and 7j act as sensitizers towards
singlet oxygen.1


From the photodegradation data represented in Table 6
and Fig. 10, it is clear that most of the betaines under
investigation showed a higher photo-fatigue resistance
than the standard dicyanopyridazine DHI (t30¼ 542 min)
by factors between 1.13 and 1.47. In all cases, betaines
7d-j bearing a fluoro- or chloro-substituent in the

Table 5. Half-lives (t1/2) of thermal 1,5-electrocyclization of selec
recorded by millisecond flash photolysis (c¼ 0.5�10�5M) at 23


Solvents


Betain


7a 7b 7c 7f


n-Pentane 1198 1498 2123 1278
Toluene 1263 1564 2241 1389
Dioxane 1376 1590 2353 1466
Tetrahydrofurane 1405 1722 2420 1506
Chloroform 1443 1789 2546 1589
Dichloromethane 1543 1896 2695 1654
Acetonitrile 1789 2230 3009 1845
2-Propanol 1870 2279 3249 1960
Ethanol 1968 2377 3422 2118
Methanol 2137 2604 3659 2284


Copyright # 2007 John Wiley & Sons, Ltd.

phenanthridine moiety showed an improved stability
compared with the other substituents as well as the
standard betaine by factors of 1.31 and 1.47. Betaine 7i

ted betaines 7a-p and ET(30) values of 10 different solvents
8C


es t1/2 (ms)


ET(30)7h 7j 7l 7n 7p


956 1209 749 349 1422 32
1043 1342 824 397 1532 34
1109 1394 879 406 1643 36
1138 1443 892 426 1652 37
1201 1507 943 451 1760 39
1249 1569 981 465 1840 41
1433 1782 1112 523 2071 46
1512 1861 1179 562 2100 49
1567 1978 1267 576 2351 52
1733 2157 1349 647 2529 56
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Figure 10. Balcony diagram showing the t30-values of some
selected betaines recorded from the photo-fatigue exper-
iments in CH2Cl2 (c¼0.5� 10�5M) at �20 8C. This figure is
available in colour online at www.interscience.wiley.com/
journal/poc
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bearing dichloro-substituted phenanthridine shows the
highest stability (t30¼ 798 min). This improved photo-
stabilty of the colored forms is promising for applications.

SUMMARY AND CONCLUSION


New PC dihydroindolizines bearing a substituted
phenanthridine moiety were prepared. The main import-
ant factors which should exist in any PC material for their
applications have been designed through their multi-
addressable PC behavior. The new PC compounds 8a-p
derived from substituted phenanthridine DHIs showed a
fast 1,5-electrocylization. The absorption maxima of their
corresponding betaines were determined using a FT-UV/
VIS as well as the millisecond flash-photolysis technique.
It is stressed that betaine 7c bearing the N,N-dimethyl
group in the benzo[i]phenanthridine moiety showing an
absorption at 550 nm exhibits a red color with the
strongest colorability of all betaines studied. This could
be attributed to the strong electron-donating ability of
the N(CH3)2 group. These compounds have potential
for non-linear optical materials. Due to their fluorescence
and high photo-fatigue resistance, the betaines 7a-p
could be used as fluorescing recording or storage
materials at 77K for several weeks without any color
decay.

EXPERIMENTAL


The solvents used (Aldrich or Merck, spectroscopic
grade) were dried, according to standard procedures,53


over sodium for diethyl ether and P2O5 for CH2Cl2, and

Copyright # 2007 John Wiley & Sons, Ltd.

were all stored over sodium wire or molecular sieve (5 Å)
in brown bottles under a nitrogen atmosphere.


Spirocyclopropene derivatives were obtained via
photolysis of the corresponding pyrazoles prepared
according to reported procedures. Photolysis was carried
out in the photochemical reactor of Schenck made of
Pyrex (l> 290 nm).54 The source of irradiation was a
high pressure mercury lamp Philips HPK 125 W. When
necessary, solutions to be photolyzed were flushed with
dry nitrogen for 30 min before switching on the UV lamp.
The progress of the reaction and the purity of the isolated
products were monitored using TLC. Separation and
purification of all synthesized PC materials were carried
out using column chromatography (80 cm length� 2 cm
diameter) on silica gel and CH2Cl2 as eluent. Melting
points were measured on a Gallenkamp- or a Büchi
(Smp-20) melting point apparatus and are uncorrected.


All NMR spectra were recorded on a Bruker DRX 500
spectrometer (500 MHz) in CDCl3 using TMS as the
internal standard. Chemical shifts (d) are reported in ppm.
IR spectra were measured on a BIO-Rad Excalibur series,
FTS 3000. Mass spectra were recorded on a Mat-90,
FINNIGAN MAT mass spectrometer. Elemental analysis
(CHN) was carried out on a LECO CHNS-932-analyzer.
UV-spectra were recorded on a FT-UV/VIS HP 6543
computer–spectrometer. Millisecond flash photolysis was
carried out with a 12 V (50 W) halogen lamp, Photoflash
(METZ 32 Z-1). A detailed description of the exper-
imental setup has been published.25–27 The experimental
details and characterization of the substituted benzo[i]-
phenanthridines 4a-p will be published elsewhere. A
general procedure and full spectroscopic and elemental
analysis data of the synthesized DHIs 8a-p are listed
below.

Preparation of dimethyl spiro[fluorene-
9,1’-pyrrolo-[1,2-f]benzo[i]phenanthridine]-
2(,3(-dicarboxylates 8a-p


General procedure. To a solution of spirene 5
(0.001 mol) in dry diethyl ether (50 ml), a solution of
substituted-1,2,3-benzo[i]phenanthridines 4a-p (0.001 mol)
in dry diethyl ether (10 ml) over 15 min was added under
dry nitrogen atmosphere. The mixture was stirred in the
dark at room temperature for about 24 h (TLC-controlled).
After the reaction was completed, the solvent was
evaporated under reduced pressure and the pure products
were obtained by column chromatography on silica gel
using CH2Cl2 as eluent and recrystallized from the
appropriate solvent to give DHIs 8a-p as white to yellow
needles in 19–57% yield.


Dimethyl spiro[fluorene-9 ,1 ’ -pyrrolo[1 ,
2-f]benzo[i]phenanthridine]-2’,3’-dicar boxylate
(8a). Reactants: 375 mg (0.001 mol) spirene 5, 229 mg
(0.001 mol) benzo[i]phenanthridine 4a; yield 241 mg
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(45%) as pale yellow crystals from ether-CH2Cl2 (7:3);
m.p. 254 8C. 1H NMR (DMSO-d6): d¼ 8.16–8.17
(d, J¼ 1.54 Hz, 1H, CH-arom.); 7.74–7.75 (m, 4H,
CH-arom.), 7.27–7.33 (m, 4H, CH-arom.), 7.00–7.09 (m,
3H, CH-arom.), 6.92–6.96 (t, J¼ 7.80, 2H, CH-arom.),
6.60–6.63 (t, J¼ 7.52, 2H, CH-arom.), 6.09 (s, 1H,
150c-H), 5.70–5.73 (dd, J¼ 7.87 Hz, 2H, CH-arom.), 3.97
(s, 3H, 3’-CH3), 3.22 (s, 3H, 2’-CH3) ppm. 13C NMR
(DMSO-d6): d¼ 163.27 (3’-CO), 162.69 (2’-CO), 69.34
(15’a-C), 62.59 (spiro-C), 52.98 (3’-CH3), 50.87
(2’-CH3) ppm. MS (70 eV): m/z (%)¼ 535.56 [Mþ]
(12.64), 247.00 [Bþ] (100). IR (KBr): n¼ 3059 (C—H,
arom.), 2836–2979 (C—H, aliph.), 1752 (3’-C——O),
1696 (2’-C——O), 1582 (C——C), 1496, 1263, 1200, 1164,
1131, 936, 753, 674 cm�1. Elemental analysis
for C36H25NO4 (M. Wt¼ 535.36): calc. %: C, 80.76;
H, 4.71; N, 2.62; found C, 80.77; H, 4.70; N, 2.62.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(14(methoxy)-benzo[I]phenanthridine]-2’,3’-di-
carboxylate (8b). Reactants: 375 mg (0.001 mol) spirene
5, 247 mg (0.001 mol) 2-methoxybenzo[i]phenanthridine
4b; yield 288 mg (52%) as pale yellow crystals from
ether-CH2Cl2 (8:2); m.p. 216 8C. 1H NMR (CDCl3):
d¼ 8.12–8.14 (d, J¼ 1.54 Hz, 1H, CH-arom.); 7.72–7.73
(m, 3H, CH-arom.), 7.22–7.29 (m, 4H, CH-arom.),
7.06–7.012 (m, 3H, CH-arom.), 6.94–6.98 (t, J¼ 7.86,
2H, CH-arom.), 6.60–6.63 (t, J¼ 7.52, 2H, CH-arom.),
6.12 (s, 1H, 150c-H), 5.73–5.77 (dd, J¼ 7.80 Hz, 2H,
CH-arom.), 3.97 (s, 3H, 3’-CH3), 3.73 (s, 3H, OCH3) 3.26
(s, 3H, 2’-CH3) ppm. 13C NMR (CDCl3): d¼ 163.29
(3’-CO), 162.63 (2’-CO), 69.37 (15’a-C), 62.63 (spiro-C),
55.43 (OCH3), 52.94 (3’-CH3), 50.91 (2’-CH3) ppm. MS
(70 eV): m/z (%)¼ 553.58 [Mþ] (13.90), 247.00 [Bþ]
(100). IR (KBr): n¼ 3052 (C—H, arom.), 2820–2969
(C—H, aliph.), 1749 (3’-C¼O), 1692 (2’-C——O), 1579
(C——C), 1491, 1269, 1204, 1160, 1134, 943, 752,
679 cm�1. Elemental analysis for C37H27NO5 (M. Wt¼
553.58): calc. %: C, 80.27; H, 4.92; N, 2.53; found C,
80.27; H, 4.91; N, 2.54.


Dimethyl spiro[fluorene-9 ,1 ’ -pyrrolo[1 ,
2-f]-(14(-N,N-dimethyl)-benzo[I]phenanthridine]-
2’,3’-dicarboxylate (8c). Reactants: 375 mg
(0.001 mol) spirene 5, 272 mg (0.001 mol) 2-N,N-
dimethoxybenzo[i]phenanthridine 4c; yield 208 mg
(36%) as pale yellow crystals from ether-CH2Cl2 (6:4);
m.p. 234 8C. 1H NMR (CDCl3): d¼ 8.00–8.3
(d, J¼ 1.54 Hz, 1H, CH-arom.); 7.70–7.71 (m, 3H,
CH-arom.), 7.44–7.46 (m, 4H, CH-arom.), 7.20–7.23 (m,
3H, CH-arom.), 6.94–6.97 (t, J¼ 7.86, 2H, CH-arom.),
6.59–6.62 (t, J¼ 7.52, 2H, CH-arom.), 6.04 (dd, 1H,
150c-H), 5.70–5.74 (dd, J¼ 7.86 Hz, 2H, CH-arom.), 4.32
(s, 3H, 3’-CH3), 3.15 (s, 3H, 2’-CH3), 2.84 (s, 3H,
N(CH3)2 ppm. 13C NMR (CDCl3): d¼ 162.29 (3’-CO),
162.69 (2’-CO), 69.39 (15’a-C), 62.68 (spiro-C), 55.49
(OCH3), 52.94 (3’-CH3), 50.97 (2’-CH3); 40.09
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(N(CH3)2) ppm. MS (70 eV): m/z (%)¼ 578.63 [Mþ]
(27.64), 272.00 [Bþ] (100). IR (KBr): n¼ 3057(C—H,
arom.), 2880–2920 (C—H, aliph.), 1752 (3’-C——O),
1703 (2’-C——O), 1574 (C——C), 1494, 1272, 1204,
1164, 1136, 947, 759, 682 cm�1. Elemental analysis
for C38H30N2O4 (M. Wt¼ 578.63): calc. %: C, 78.87; H,
5.22; N, 4.84; found C, 78.89; H, 5.21; N, 4.86.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-(13(-
iodo)benzo[i]phenanthridine]-2’,3’-dicarboxylate
(8d). Reactants: 375 mg (0.001 mol) spirene 5, 247 mg
(0.001 mol) 2-iodo benzo[i]phenanthridine 4d; yield
241 mg (57%) as pale yellow crystals from ether-CH2Cl2
(7:3); m.p. 219 8C. 1H NMR (CDCl3): d¼ 8.00–8.06
(d, J¼ 1.54 Hz, 1H, CH-arom.); 7.79–7.82 (m, 3H,
CH-arom.), 7.25–7.28 (m, 4H, CH-arom.), 7.09–7.18 (m,
3H, CH-arom.), 6.91–6.97 (t, J¼ 7.84, 2H, CH-arom.),
6.67–6.69 (t, J¼ 7.80, 2H, CH-arom.), 6.02 (s, 1H,
150c-H), 5.73–5.76 (dd, J¼ 7.87 Hz, 2H, CH-arom.), 3.94
(s, 3H, 3’-CH3), 3.21 (s, 3H, 2’-CH3) ppm. 13C NMR
(DMSO-d6): d¼ 163.22 (3’-CO), 162.75 (2’-CO), 69.37
(15’a-C), 62.55 (spiro-C), 52.94 (3’-CH3), 50.82
(2’-CH3) ppm. MS (70 eV): m/z (%)¼ 553.56 [Mþ]
(19.34), 247.00 [Bþ] (100). IR (KBr): n¼ 3054 (C—H,
arom.), 2833–2989 (C—H, aliph.), 1747 (3’-C——O),
1699 (2’-C——O), 1584 (C——C), 1486, 1267, 1208, 1169,
1138, 939, 750, 672 cm�1. Elemental analysis
for C36H24FNO4 (M. Wt¼ 553.56): calc. %: C, 78.11;
H, 4.37; N, 2.53; found C, 78.12; H, 4.37; N, 2.55.


Dimethyl spiro[fluorene-9,1 ’ -pyrrolo[1 ,
2-f]-(13(-iodo)benzo[i]phenanthridine]-2’,3’-dica-
rboxylate (8e). Reactants: 375 mg (0.001 mol) spirene
5, 247 mg (0.001 mol) 3-iodo benzo[i]phenanthridine 4e;
yield 207 mg (49%) as pale yellow crystals from
ether-CH2Cl2 (7:3); m.p. 225 8C. 1H NMR (CDCl3):
d¼ 8.01–8.05 (d, J¼ 1.54 Hz, 1H, CH-arom.); 7.78–7.81
(m, 3H, CH-arom.), 7.26–7.29 (m, 4H, CH-arom.),
7.11–7.19 (m, 3H, CH-arom.), 6.93–6.94 (t, J¼ 7.84, 2H,
CH-arom.), 6.69–6.72 (t, J¼ 7.80, 2H, CH-arom.), 6.06
(s, 1H, 150c-H), 5.73–5.75 (dd, J¼ 7.80 Hz, 2H,
CH-arom.), 3.93 (s, 3H, 3’-CH3), 3.24 (s, 3H, 2’-CH3)
ppm. 13C NMR (DMSO-d6): d¼ 163.27 (3’-CO), 162.72
(2’-CO), 69.32 (15’a-C), 62.57 (spiro-C), 52.91 (3’-CH3),
50.87 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 553.56 [Mþ]
(19.34), 247.00 [Bþ] (100). IR (KBr): n¼ 3057 (C—H,
arom.), 2887–2990 (C—H, aliph.), 1742 (3’-C——O),
1677 (2’-C——O), 1587 (C——C), 1482, 1261, 1200, 1178,
1128, 934, 751, 677 cm�1. Elemental analysis
for C36H24FNO4 (M. Wt¼ 553.56): calc. %: C, 78.11;
H, 4.37; N, 2.53; found C, 78.11; H, 4.36; N, 2.52.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-(12(-
c h l o ro )benzo [ i ] phenan th r i d i ne ] - 2 ’ , 3 ’ -
dicarboxylate (8f). Reactants: 375 mg (0.001 mol)
spirene 5, 264 mg (0.001 mol) 1-chloro benzo[i]phenan-
thridine 4f; yield 262 mg (46%) as pale yellow crystals
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from ether-CH2Cl2 (8:2); m.p. 210 8C. 1H NMR (CDCl3):
d¼ 8.00–8.04 (d, J¼ 1.54 Hz, 1H, CH-arom.); 7.77–7.80
(m, 3H, CH-arom.), 7.25–7.27 (m, 4H, CH-arom.),
7.10–7.18 (m, 3H, CH-arom.), 6.91–6.93 (t, J¼ 7.81, 2H,
CH-arom.), 6.68–6.71 (t, J¼ 7.86, 2H, CH-arom.), 6.01
(s, 1H, 150c-H), 5.73–5.75 (dd, J¼ 7.86 Hz, 2H,
CH-arom.), 3.94 (s, 3H, 3’-CH3), 3.27 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.29 (3’-CO), 162.68
(2’-CO), 69.37 (15’a-C), 62.52 (spiro-C), 52.87 (3’-CH3),
50.80 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 570.06 [Mþ]
(27.98), 264.01 [Bþ] (100). IR (KBr): n¼ 3045 (C—H,
arom.), 2883–2990 (C—H, aliph.), 1756 (3’-C——O),
1698 (2’-C——O), 1580 (C——C), 1488, 1264, 1207, 1189,
1134, 937, 748, 667 cm�1. Elemental analysis
for C36H24ClNO4 (M. Wt¼ 570.06): calc. %: C, 75.84;
H, 4.24; N, 2.46; Cl, 6.22; found C, 75.85; H, 4.25; N,
2.44; Cl, 6.32.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-(13(-
c h l o ro )benzo [ i ] phenan th r i d i ne ] - 2 ’ , 3 ’ -
dicarboxylate (8g). Reactants: 375 mg (0.001 mol)
spirene 5, 264 mg (0.001 mol) 2-chloro benzo[i]phenan-
thridine 4g; yield 205 mg (36%) as pale yellow crystals
from ether-CH2Cl2 (8:2); m.p. 221 8C. 1H NMR (CDCl3):
d¼ 8.05–8.08 (d, J¼ 1.54 Hz, 1H, CH-arom.); 7.72–7.78
(m, 3H, CH-arom.), 7.24–7.26 (m, 4H, CH-arom.),
7.14–7.17 (m, 3H, CH-arom.), 6.90–6.92 (t, J¼ 7.88, 2H,
CH-arom.), 6.64–6.68 (t, J¼ 7.82, 2H, CH-arom.), 6.06
(s, 1H, 150c-H), 5.72–5.76 (dd, J¼ 7.86 Hz, 2H,
CH-arom.), 3.90 (s, 3H, 3’-CH3), 3.23 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.35 (3’-CO), 162.76
(2’-CO), 69.42 (15’a-C), 62.57 (spiro-C), 52.78 (3’-CH3),
50.87 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 570.06 [Mþ]
(27.98), 264.01 [Bþ] (100). IR (KBr): n¼ 3035 (C—H,
arom.), 2899–2990 (C—H, aliph.), 1752 (3’-C——O),
1670 (2’-C——O), 1587 (C——C), 1487, 1260, 1204, 1196,
1137, 932, 747, 660 cm�1. Elemental analysis
for C36H24ClNO4 (M. Wt¼ 570.06): calc. %: C, 75.84;
H, 4.24; N, 2.46; Cl, 6.22 found C, 75.84; H, 4.24; N,
2.48, Cl, 6.19.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-(14(-
c h l o ro )benzo [ i ] phenan th r i d i ne ] - 2 ’ , 3 ’ -
dicarboxylate (8h). Reactants: 375 mg (0.001 mol)
spirene 5, 264 mg (0.001 mol) 3-chloro benzo[i]phenan-
thridine 4h; yield 233 mg (41%) white crystals from
ether-CH2Cl2 (7:3); m.p. 234 8C. 1H NMR (CDCl3):
d¼ 8.02–8.04 (d, J¼ 1.57 Hz, 1H, CH-arom.); 7.77–7.71
(m, 3H, CH-arom.), 7.27–7.31 (m, 4H, CH-arom.),
7.15–7.18 (m, 3H, CH-arom.), 6.92–6.96 (t, J¼ 7.88, 2H,
CH-arom.), 6.62–6.67 (t, J¼ 7.82, 2H, CH-arom.), 6.04
(s, 1H, 150c-H), 5.77–5.79 (dd, J¼ 7.82 Hz, 2H,
CH-arom.), 3.91 (s, 3H, 3’-CH3), 3.27 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.34 (3’-CO), 162.77
(2’-CO), 69.38 (15’a-C), 62.67 (spiro-C), 52.83 (3’-CH3),
50.82 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 570.06 [Mþ]
(27.98), 264.01 [Bþ] (100). IR (KBr): n¼ 3030 (C—H,
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arom.), 2940–2990 (C—H, aliph.), 1757 (3’-C——O),
1677 (2’-C——O), 1587 (C——C), 1484, 1275, 1203, 1179,
1120, 987, 736, 678 cm�1. Elemental analysis
for C36H24ClNO4 (M. Wt¼ 570.06): calc. %: C, 75.84;
H, 4.24; N, 2.46; Cl, 6.23 found C, 75.89; H, 4.21; N,
2.42; Cl, 6.30.


Dimethyl spiro[fluorene-9 ,1 ’ -pyrrolo[1 ,
2-f]-(12(,14(dichloro)benzo[i]phenanthridine]-2’,
3’-dicarboxylate (8i). Reactants: 375 mg (0.001 mol)
spirene 5, 299 mg (0.001 mol) 1,3-dichloro benzo[i]phe-
nanthridine 4i; yield 278 mg (46%) white crystals from
ether-CH2Cl2 (7:3); m.p. 266 8C. 1H NMR (CDCl3):
d¼ 8.20 (s,1H, CH-arom.); 7.72–7.75 (m, 3H,
CH-arom.), 7.27–7.29 (m, 3H, CH-arom.), 7.15–7.18
(m, 3H, CH-arom.), 6.92–6.96 (t, J¼ 7.88, 2H,
CH-arom.), 6.62–6.67 (t, J¼ 7.82, 2H, CH-arom.), 6.07
(s, 1H, 150c-H), 5.79–5.82 (dd, J¼ 7.80 Hz, 2H,
CH-arom.), 3.98 (s, 3H, 3’-CH3), 3.24 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.30 (3’-CO), 162.85
(2’-CO), 69.37 (15’a-C), 62.61 (spiro-C), 52.87 (3’-CH3),
50.84 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 606.56
[Mþ2] (53.12), 300.01 [Bþ] (100). IR (KBr): n¼ 3054
(C—H, arom.), 2947–2992 (C—H, aliph.), 1753 (3’-C——
O), 1689 (2’-C——O), 1581 (C——C), 1487, 1275, 1200,
1198, 1117, 980, 778, 665 cm�1. Elemental analysis
for C36H23Cl2NO4 (M. Wt¼ 604.56): calc. %: C, 71.52;
H, 4.00; N, 2.32; Cl, 11.72; found C, 71.59; H, 3.99; N,
2.36; Cl, 11.74.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(13(,14(dichloro)benzo[i]phenanthridine]-2’,3’-
dicarboxylate (8j). Reactants: 375 mg (0.001 mol)
spirene 5, 299 mg (0.001 mol) 2,3-dichloro benzo[i]phe-
nanthridine 4j; yield 308 mg (51%) white crystals from
ether-CH2Cl2 (6:4); m.p. 247 8C. 1H NMR (CDCl3):
d¼ 8.19 (s,1H, CH-arom.); 7.70–7.73 (m, 3H,
CH-arom.), 7.22–7.26 (m, 3H, CH-arom.), 7.14–7.17
(m, 3H, CH-arom.), 6.90–6.94 (t, J¼ 7.88, 2H,
CH-arom.), 6.60–6.64 (t, J¼ 7.80, 2H, CH-arom.), 6.03
(s, 1H, 150c-H), 5.75–5.80 (dd, J¼ 7.80 Hz, 2H,
CH-arom.), 4.03 (s, 3H, 3’-CH3), 3.54 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.45 (3’-CO), 162.72
(2’-CO), 69.43 (15’a-C), 62.58 (spiro-C), 52.72 (3’-CH3),
50.74 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 605.56
[Mþ1] (39.42), 300.01 [Bþ] (100). IR (KBr): n¼ 3054
(C—H, arom.), 2940–2989 (C—H, aliph.), 1754 (3’-C——
O), 1693 (2’-C——O), 1587 (C——C), 1481, 1289, 1212,
1178, 1112, 998, 767, 634 cm�1. Elemental analysis
for C36H23Cl2NO4 (M. Wt¼ 604.56): calc. %: C, 71.52;
H, 4.00; N, 2.32; Cl, 11.74; found C, 71.54; H, 3.94; N,
2.33; Cl, 11.81.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(13(-chloro-14(-nitro)benzo[i]-phenanthridin-
e]-2’,3’-dicarboxylate (8k). Reactants: 375 mg
(0.001 mol) spirene 5, 309 mg (0.001 mol) 2-chloro-3-
nitrobenzo[i]phenanthridine 4k; yield 247 mg (45%) pale
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yellow crystals from ether-CH2Cl2 (5:5); m.p. 271 8C.
1H NMR (CDCl3): d¼ 8.06 (s,1H, CH-arom.); 7.77–7.74
(m, 3H, CH-arom.), 7.20–7.24 (m, 3H, CH-arom.),
7.17–7.19 (m, 3H, CH-arom.), 6.92–6.97 (t, J¼ 7.88, 2H,
CH-arom.), 6.61–6.64 (t, J¼ 7.87, 2H, CH-arom.), 6.00
(s, 1H, 150c-H), 5.74–5.80 (dd, J¼ 7.82 Hz, 2H,
CH-arom.), 4.08 (s, 3H, 3’-CH3), 3.62 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.44 (3’-CO), 162.77
(2’-CO), 69.49 (15’a-C), 62.51 (spiro-C), 52.71 (3’-CH3),
50.77 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 616.05
[Mþ1] (16.30), 309.01 [Bþ] (100). IR (KBr): n¼ 3058
(C—H, arom.), 2948–2989 (C—H, aliph.), 1748 (3’-C——
O), 1683 (2’-C——O), 1574 (C——C), 1480, 1245, 1278,
1136, 1113, 947, 769, 623 cm�1. Elemental analysis
for C36H23ClN2O6 (M. Wt¼ 615.05): calc. %: C, 70.30;
H, 3.77; N, 4.55; Cl, 5.77; found C, 70.28; H, 3.75; N,
4.79; Cl, 5.81.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(14(-bromo)benzo[i]-phenanthridine]-2’,3’-dicar-
boxylate (8l). Reactants: 375 mg (0.001 mol) spirene
5, 308 mg (0.001 mol) 3-bromo-benzo[i]phenanthridine
4l; yield 338 mg (55%) pale yellow crystals from
ether-CH2Cl2 (7:3); m.p. 231 8C. 1H NMR (CDCl3):
d¼ 8.12 (d, J¼ 1.64 Hz, 1H, CH-arom.); 7.70–7.73 (m,
3H, CH-arom.), 7.21–7.24 (m, 4H, CH-arom.), 7.16–7.20
(m, 4H, CH-arom.), 6.90–6.94 (t, J¼ 7.80, 2H,
CH-arom.), 6.67–6.62 (t, J¼ 7.82, 2H, CH-arom.), 6.12
(s, 1H, 150c-H), 5.74–5.78 (dd, J¼ 7.80 Hz, 2H,
CH-arom.), 4.12 (s, 3H, 3’-CH3), 3.58 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.35 (3’-CO), 162.72
(2’-CO), 69.47 (15’a-C), 62.47 (spiro-C), 52.57 (3’-CH3),
50.82 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 616.55
[Mþ2] (23.45), 300.79 [Bþ] (100). IR (KBr): n¼ 3056
(C—H, arom.), 2958–2982 (C—H, aliph.), 1742 (3’-C——
O), 1680 (2’-C——O), 1568 (C——C), 1473, 1237, 1260,
1176, 1136, 944, 779, 646 cm�1. Elemental analysis
for C36H24BrN2O4 (M. Wt¼ 614.55): calc. %: C, 70.35;
H, 3.94; N, 4.59; Br, 13.02; found C, 70.41; H, 3.88; N,
4.61; Br, 13.12.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(12(-nitro)benzo[i]-phenanthridine]-2’,3’-dicarb-
oxylate (8m). Reactants: 375 mg (0.001 mol) spirene
5, 274 mg (0.001 mol) 1-nitrobenzo[i]phenanthridine 4m;
yield 110 mg (19%) yellow crystals from ether-CH2Cl2
(4:6); m.p. 213 8C. 1H NMR (CDCl3): d¼ 8.00
(d, J¼ 1.68 Hz, 1H, CH-arom.); 7.73–7.76 (m, 3H,
CH-arom.), 7.20–7.25 (m, 4H, CH-arom.), 7.10–7.19 (m,
4H, CH-arom.), 6.92–6.96 (t, J¼ 7.88, 2H, CH-arom.),
6.60–6.64 (t, J¼ 7.86, 2H, CH-arom.), 6.01 (s, 1H,
150c-H), 5.70–5.77 (dd, J¼ 7.80 Hz, 2H, CH-arom.), 4.14
(s, 3H, 3’-CH3), 3.52 (s, 3H, 2’-CH3) ppm. 13C NMR
(CDCl3): d¼ 163.45 (3’-CO), 162.63 (2’-CO), 69.51
(15’a-C), 62.42 (spiro-C), 52.64 (3’-CH3), 50.87
(2’-CH3) ppm. MS (70 eV): m/z (%)¼ 580.56 [Mþ]
(19.37), 274.21 [Bþ] (100). IR (KBr): n¼ 3040 (C—H,
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arom.), 2934–2979 (C—H, aliph.), 1753 (3’-C——O),
1698 (2’-C——O), 1556 (C——C), 1470, 1247, 1268, 1167,
1120, 979, 777 644 cm�1. Elemental analysis
for C36H24N2O6 (M. Wt¼ 580.56): calc. %: C, 74.47;
H, 4.17; N, 4.83; found C, 74.43; H, 4.09; N, 4.19.


Dimethyl spiro[fluorene-9,1 ’ -pyrrolo[1 ,
2-f]-(13(-nitro)benzo[i]- phenanthridine]-2’,3’-
dicarboxylate (8n). Reactants: 375 mg (0.001 mol)
spirene 5, 274 mg (0.001 mol) 2-nitrobenzo[i]phenan-
thridine 4n; yield 156 mg (27%) yellow crystals from
ether-CH2Cl2 (4:6); m.p. 236 8C. 1H NMR (CDCl3):
d¼ 8.08 (d, J¼ 1.62 Hz, 1H, CH-arom.); 7.72–7.75 (m,
3H, CH-arom.), 7.21–7.24 (m, 4H, CH-arom.), 7.12–7.17
(m, 4H, CH-arom.), 6.94–6.98 (t, J¼ 7.82, 2H,
CH-arom.), 6.61–6.65 (t, J¼ 7.80, 2H, CH-arom.), 6.06
(s, 1H, 150c-H), 5.71–5.75 (dd, J¼ 7.88 Hz, 2H,
CH-arom.), 4.10 (s, 3H, 3’-CH3), 3.59 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.49 (3’-CO), 162.67
(2’-CO), 69.57 (15’a-C), 62.47 (spiro-C), 52.67 (3’-CH3),
50.80 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 580.56 [Mþ]
(19.37), 274.21 [Bþ] (100). IR (KBr): n¼ 3032 (C—H,
arom.), 2989–2999 (C—H, aliph.), 1750 (3’-C——O),
1694 (2’-C——O), 1550 (C——C), 1477, 1244, 1262, 1161,
1130, 962, 783; 636 cm�1. Elemental analysis
for C36H24N2O6 (M. Wt¼ 580.56): calc. %: C, 74.47;
H, 4.17; N, 4.83; found C, 74.58; H, 4.11; N, 4.13.


Dimethyl spiro[fluorene-9,1’-pyrrolo[1,2-f]-
(14(-nitro)benzo[i]-phenanthridine]-2’,3’-dicarb-
oxylate (8o). Reactants: 375 mg (0.001 mol) spirene 5,
274 mg (0.001 mol) 3-nitrobenzo[i]phenanthridine 4o;
yield 225 mg (39%) yellow crystals from ether-CH2Cl2
(4:6); m.p. 240 8C. 1H NMR (CDCl3): d¼ 8.19 (d,
J¼ 1.78 Hz, 1H, CH-arom.); 7.70–7.73 (m, 3H,
CH-arom.), 7.27–7.29 (m, 4H, CH-arom.), 7.14–7.18
(m, 4H, CH-arom.), 6.88–6.92 (t, J¼ 7.80, 2H,
CH-arom.), 6.62–6.64 (t, J¼ 7.82, 2H, CH-arom.), 6.18
(s, 1H, 150c-H), 5.71–5.75 (dd, J¼ 7.82 Hz, 2H,
CH-arom.), 4.19 (s, 3H, 3’-CH3), 3.67 (s, 3H, 2’-CH3)
ppm. 13C NMR (CDCl3): d¼ 163.53 (3’-CO), 162.62
(2’-CO), 69.67 (15’a-C), 62.67 (spiro-C), 52.78 (3’-CH3),
50.91 (2’-CH3) ppm. MS (70 eV): m/z (%)¼ 580.56 [Mþ]
(19.37), 274.21 [Bþ] (100). IR (KBr): n¼ 3030 (C—H,
arom.), 2890–2645 (C—H, aliph.), 1756 (3’-C——O),
1687 (2’-C——O), 1545 (C——C), 1484, 1239, 1278, 1164,
1147, 968, 775; 689 cm�1. Elemental analysis
for C36H24N2O6 (M. Wt¼ 580.56): calc. %: C, 74.47;
H, 4.17; N, 4.83; found C, 74.52; H, 4.18; N, 4.10.


Dimethyl spiro[fluorene-9,1 ’ -pyrrolo[1 ,
2-f]-(14(-carboxymethyl)benzo[i]-phenanthridin-
e]-2’,3’-dicarboxylate (8p). Reactants: 375 mg
(0.001 mol) spirene 5, 287 mg (0.001 mol) 3-carboxy-
methylbenzo[i]phenanthridine 4p; yield 255 mg (43%)
white crystals from ether-CH2Cl2 (7:3); m.p. 199 8C.
1H NMR (CDCl3): d¼ 8.22 (d, J¼ 1.78 Hz, 1H,
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CH-arom.); 7.78–7.82 (m, 3H, CH-arom.), 7.24–7.26
(m, 4H, CH-arom.), 7.12–7.15 (m, 4H, CH-arom.),
6.82–6.84 (t, J¼ 7.86, 2H, CH-arom.), 6.63–6.67 (t, J¼
7.88, 2H, CH-arom.), 6.12 (s, 1H, 150c-H), 5.74–5.77
(dd, J¼ 7.82 Hz, 2H, CH-arom.), 4.12 (s, 3H, 3’-CH3),
3.86 (s, 3H, COOCH3), 3.62 (s, 3H, 2’-CH3) ppm.
13C NMR (CDCl3): d¼ 163.46 (3’-CO), 162.57 (2’-CO),
69.62 (15’a-C), 62.64 (spiro-C), 52.74 (3’-CH3), 52.27
(COOCH3); 50.75 (2’-CH3) ppm. MS (70 eV): m/z
(%)¼ 593.60 [Mþ] (36.27), 274.21 [Bþ] (100). IR
(KBr): n¼ 3020 (C—H, arom.), 2920–2842 (C—H,
aliph.), 1754 (3’-C——O), 1681 (2’-C——O), 1544 (C——C),
1479, 1242, 1279, 1175, 1150, 960, 774; 693 cm�1.
Elemental analysis for C38H27NO6 (M. Wt¼ 593.60):
calc. %: C, 76.88; H, 4.58; N, 2.36; found C, 76.81; H,
4.63; N, 2.44.
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Fernàndez-Acebes A, Lehn J-M. Adv. Mater. 1998; 10:
1519–1522; (e) Tsivgoulis GM, Lehn J-M. Chem. Eur. J. 1996;
2: 1399–1406.
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M, Rustemeyer F, Tan YS. Deutsche Offenlegungs-Schrift Pat. 1998;
198 349 408.


29. (a) Fromm R, Ahmed SA, Hartmann Th, Huch V, Abdel-Wahab
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31. (a) Dürr H. Angew. Chem. 1989; 101: 427–445;Int. Ed. Engl. 1989;
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2001; 66: 1130–1137.

Copyright # 2007 John Wiley & Sons, Ltd.
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54. Schönberg A. Präparative Organische Photochemie. Springer
Verlag, Berlin 1958; Chapter 1.

J. Phys. Org. Chem. 2007; 20: 574–588


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 19–29
Published online in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1119

A computational study into the reactivity
of epichlorohydrin and epibromohydrin under
basic conditions in the gas phase and solution

G. N. Merrill*


Department of Chemistry, University of Texas at San Antonio, San Antonio, Texas 78249, USA


Received 23 August 2006; revised 18 September 2006; accepted 18 September 2006

*Correspondence
versity of Texas
Antonio, TX 782
E-mail: grant.me


Copyright # 20

ABSTRACT: Ab initiomolecular orbital calculations were carried out on epibromohydrin (EBH) and epichlorohydrin
(ECH) in an attempt to elucidate their reactivity with respect to a hard nucleophile, hydroxide. These systems were
modeled in both the gas phase and a polar solvent under basic conditions. In the gas phase, it was determined that a
direct displacement mechanism (nucleophilic attack at the C1 position) was operative for EBH, while an indirect
pathway (nucleophilic attack at the C3 position and subsequent intramolecular displacement) was followed for ECH.
In an acetone solution, only the indirect displacement mechanism was found to occur. An electrostatic argument is
advanced to account for this behavior in polar solution. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


The structure and reactivity of small ring systems
continue to fascinate organic chemists.1 The source of
this fascination derives largely from the fact that these
compounds offer glimpses into the extremes of bonding in
carbon-containing compounds. Of particular interest are
heterocycles, the epoxide moiety being one of the
principal archetypes.


Epihalohydrins provide physical organic chemists with
systems that permit the nucleophilic reactivity of
epoxides relative to alkyl halides to be assessed. For
instance, does the ring strain associated with the epoxide
promote nucleophilic attack at the cyclic methylene (C3)
or methine (C2) positions over that at the acyclic
methylene (C1) position? If it does, can an appropriate
choice of the halide or solvent alter this preference?


Epihalohydrins are commercially important com-
pounds. For example, epichlorohydrin (ECH) is used in
the industrial production of glycerol, various resins, and a
variety of elastomers.2 It has also found use in the
synthesis of optically active isomers of drugs.3 It is for
these reasons, academic and industrial, that epihalohy-
drins have been the subject of a number of experimental
investigations over the last half century.4

to: G. N. Merrill, Department of Chemistry, Uni-
at San Antonio, 6900 North Loop 1604 West, San
49, USA.
rrill@utsa.edu


07 John Wiley & Sons, Ltd.

McClure et al.5 examined the reactivity of 1-X-2,3-
epoxy-propanes (X¼Cl, MsO, and TfO) with
p-Y-phenolates (Y¼H, CN, and MeO) under a variety
of reaction conditions. When ECH was allowed to react
with phenolate in acetone, nucleophilic attack occurred
predominantly at the C3 position (C3:C1¼ 19:1). When
the reaction was carried out in dimethyl formamide
(DMF), however, phenolate was found to react with ECH
at both the C3 and C1 positions (C3:C1¼ 1:1). When the
same reactions were carried out with a better leaving
group (the mesylate derivative), attack at the C1 position
increased (in acetone, C3:C1¼ 4:1; in DMF, C3:C1¼
5.7:1). Similarly, running the reaction in methylene
chloride (CH2Cl2) with the triflate derivative led
exclusively to attack at the C1 position (C3:C1¼ 1:49).
These results suggest that solvent and leaving-group
effects are important in determining the reactivity of
epihalohydrins: more polar solvents and better leaving
groups increase the likelihood of attack at the C1 position.
Ohishi and Nakanishi6 conducted a similar study of ECH.
They reacted ECH with a phenolate (the potassium salt of
2-acetyl-7-hydroxy-benzo[b]furan) in DMF. They found
attack was again slightly preferred at the C3 position over
that at the C1 position (C3:C1¼ 7:5).


The reactivity of epibromohydrin (EBH) with cate-
cholate anion in a 1:1 solution of ethanol and water
(EtOH:H2O) was examined by Cawley and Onat.7 They
determined that attack at both the C1 and C3 positions
occurred, with attack at the C3 position being slightly
favored. They were also able to calculate enthalpies
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(DzH: C1¼ 19 and C3¼ 12 kcalmol�1), entropies
(DzS: C1¼�18 and C3¼�34 cal K�1mol�1), and free
energies (DzG: C1¼ 24 and C3¼ 22 kcalmol�1) for the
two pathways. These results highlight that the two
mechanisms are governed by two very different factors:
enthalpic in the case of C3 attack and entropic for C1
attack.


Whalen8 conducted an acetolysis study of ECH. He
discovered that the reaction involved little ionization at
the C1 position and that attack occurred initially at the C3
position. He was also able to put forth indirect evidence
that attack occurred at the C2 and the C3 positions.


A very limited number of computational investigations
of epihalohydrins have appeared in the literature. Politzer
and Laurence9 reported on a study of the reactivity of
ECH with ammonia in the gas phase. This work was
performed at a low level of theory by current standards
(partial optimizations at the Hartree-Fock level with the
STO-3G basis set), and they therefore offer only
qualitative insights into the reactivity and structure of
ECH. A systematic study of the reactivity of ECH with
hydroxide in the gas phase has been recently reported by
us.10 It was found that nucleophilic attack was preferred at
the C3 position in the gas phase.


The current paper extends our earlier work into the
reactivity of epihalohydrins in the gas phase and solution.
The goals of this research were (1) to establish the
importance of leaving-group effects (Cl vs. Br) and (2) to
determine the influence of solvent upon the reactivity of
epihalohydrins. In the course of this research, detailed
gas-phase and solution reaction coordinates were
established. While these results should be of general
interest to physical organic chemists, they should also be
of particular relevance to synthetic organic chemists in
carrying out reactions involving epihalohydrins and
related systems.

COMPUTATIONAL METHODS


The following computational procedure was employed in
carrying out the current calculations.

1. S

Cop

tructures were fully optimized at the restricted Har-
tree-Fock (RHF)11 level of theory with the double
split-valence 6-31G basis set12 to which sets of
d-polarization13 and sp-diffuse14 functions were added
to all atoms save hydrogen; that is, the 6-31þG(d)
basis set. Structures were held to be converged when
the maximum and root-mean-square of the gradients
fell below 0.012 and 0.004 kcalmol�1 Å�1, respect-
ively (1 kcal¼ 4.184 kJ and 1 Å¼ 10�10m). All
relevant stationary points were located and fully
characterized.

2. H

essian matrices were computed for all stationary
points (minima and transition states) at the same level
as used for the optimizations. The absence of negative

yright # 2007 John Wiley & Sons, Ltd.

eigenvalues confirmed a stationary point as a mini-
mum, while the presence of a single negative eigen-
value established the stationary point as a transition
state.

3. E

nthalpic and entropic corrections were calculated for
all stationary points using standard statistical mech-
anical formulae.15 All vibrational frequencies were
scaled by an empirical factor of 0.8953 to compensate
for the known overestimation of these values by the
harmonic approximation at the RHF level with dou-
ble-zeta quality bases.16 Thermodynamic corrections
were made to 1 atm and 298K.

4. T

o verify that all transition states corresponded to the
appropriate minima, intrinsic reaction coordinate
(IRC)17 calculations were performed. These calcu-
lations established the minimum energy path (MEP)
between all reactants and products.

5. A

s many of the transition states involved bond for-
mation and breaking, electron correlation effects were
predicted to be important. Single-point energy calcu-
lations were therefore carried out on the optimized
structures. These calculations were performed at the
second-order perturbation (MP2),18 density functional
(B3LYP),19 and couple-clustered (CCSD)20 levels of
theory using the 6-31þG(d) basis. Single-point ener-
gies were also computed at the MP2 and B3LYP levels
with the aug-cc-pVDZ21 basis. Only valence electrons
were correlated in the MP2 calculations; that is, the
frozen-core (fc) approximation22 was employed.

6. S

olvation effects were calculated with the integral
equation formalism of the polarizable continuum
model (IEF-PCM)23 by computing RHF single-point
energies with the 6-31þG(d) basis. Cavitation ener-
gies were computed via the method of Pierotti and
Claverie,24 while repulsion and dispersion energies
were determined by the procedure of Amovilli and
Mennucci.25 Solute electron charge density that
escaped from the solvent cavity was explicitly treated
by the method of Mennucci and Tomasi.26 Acetone
(CH3COCH3) was selected as a representative polar,
aprotic solvent.


All calculations were performed with the GAMESS
program27 on a small Beowulf cluster of personal
computers.

RESULTS AND DISCUSSION


The reactivity of hydroxide (OH�) with ECH and EBH
was examined in the gas phase and solution. The
gas-phase reactivity represents the intrinsic behavior of
epihalohydrins with respect to (hard) nucleophiles given
that it is free of solvent, counterion, and aggregation
effects. The gas-phase results also serve as a point of
departure for treating the systems in condensed media.
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Unless otherwise noted, the following results pertain to
energies, etc., determined at the MP2/aug-cc-pVDZ level
of theory for HF/6-31þG(d) optimized geometries and
Hessians. Results obtained at the HF/aug-cc-pVDZ level
will be mentioned where they differ significantly from
those found at the MP2/aug-cc-pVDZ level.

Gas-phase pathways


The lowest energy conformers for the epihalohydrins
have anti conformations, while the two gauche con-
formers are only marginally higher in energy [refer to
Figs 1–3 in Reference 10 for those structures not
explicitly discussed]. Here, anti and gauche are defined
for the halogen atom with respect to the oxygen atom of
the epoxide ring. These three conformers interact with
hydroxide to form a variety of ion–molecule complexes
(Fig. 1). The lowest energy reactant ion–molecule
complex (RIM) results from a charge–dipole interaction
between hydroxide and the gauche(-) conformer for the
epihalohydrins. The formation of these complexes is
significantly exothermic (DH: RIM(Cl)¼�23.8; RIM(Br)¼
�23.3 kcalmol�1) and exergonic (DG: RIM(Cl)¼
�16.4; RIM(Br)¼�16.2 kcalmol�1). This decrease in
energy provides the driving force behind the subsequent
displacement reactions.


The central goal in the study was to determine where
nucleophilic attack by hydroxide, an archetypal (hard)
nucleophile under basic conditions, takes place in the
epihalohydrins: the acyclic methylene (C1), cyclic
methine (C2), or cyclic methylene (C3) position. Two
transition states (TS) were located for attack at the C1
position of the epihalohydrins, corresponding to the two
gauche conformers; repeated attempts to find an
analogous anti-TS were unsuccessful. The lowest energy
transition states were found for the gauche(-) conformers
(TS1 in Fig. 2). Both transition states possessed negative
activation energies (i.e., the transition states were lower in
energy than the separated reactants) with the bromo TS
being favored by about 2.5 kcalmol�1 (DH: TS1(Cl)¼
�15.0; TS1(Br)¼�17.5;DG: TS1(Cl)¼�6.3; TS1(Br)¼
�8.8 kcalmol�1). Clearly, entropic effects are important
in reducing the absolute magnitude of the activation
energies, but they do not affect the relative values to any
real degree. These results are consistent with bromide
being a better leaving group than chloride. An
examination of the C1—X bond lengths (Fig. 2) reveals
that the transition state for EBH occurs earlier than that
for ECH; the C1—Br bond is only 19% elongated over
that in EBH, while the C1—Cl bond is 69% longer than
that in ECH.


Subsequent to this transition state, a product ion–
molecule complex (PIM1) is formed between glycidol
and the halide (Fig. 1). The complex is the result of
hydrogen bond formation between the hydroxyl group

Copyright # 2007 John Wiley & Sons, Ltd.

and the halide, and its formation is appreciably
exothermic (DH: PIM1(Cl)¼�69.7; PIM1(Br)¼
�73.5kcalmol�1) and exergonic (DG: PIM1(Cl)¼�61.5;
PIM1(Br)¼�65.7 kcalmol�1).


The reaction is overall exothermic (DrH: ECHþ
OH�¼�50.3; EBHþOH�¼�56.0 kcalmol�1) and
exergonic (DrG: ECHþOH�¼�48.2; EBHþOH�¼
�54.0 kcalmol�1), with the bromo pathway being almost
6 kcalmol�1 more exothermic/exergonic. This result is
consistent with the lower activation energy along the
bromo pathway for the rate-limiting step. The complete
energetics for the direct displacement mechanism (Path-
way 1 in Fig. 3) are given in Table 1.


Nucleophilic attack can also occur at the methylene
position of the epoxide ring (C3). The activation energy for
this pathway is also negative (Pathway 2 in Fig. 1).
For attack on ECH, the activation energies are actually
less for attack at the C3 position (DH¼�16.6;
DG¼�7.9 kcalmol�1) than the C1 position. This is not
the case for attack on EBH,where attack on the C3 position
is less favored (DH¼�16.9; DG¼ �8.2 kcalmol�1).
These results suggest the two epihalohydrins have
intrinsically different reactivities. In both transition states,
the C3—O bond is stretched 25% over that found in the
respective epihalohydrin (TS2a in Fig. 2). The TS2a
transition state occurs earlier than that for the TS1
transition state in ECH, but it occurs later for EBH. It is
also worth noting that, excluding the C1—X bond, the two
TS2a transition states are virtually identical; for example,
C3—O¼ 1.75 Å. This indicates that the halide and epoxide
ring are effectively insulated from molecular orbital
interactions by the C1 methylene group.


Following attack at the C3 position, ring opening
occurs, and a stable alkoxy intermediate is formed
(INT1). The formation of this intermediate is significantly
exothermic (DH: INT1(Cl)¼�59.8; INT1(Br)¼
�60.6 kcalmol�1) and exergonic (DG: INT1(Cl)¼
�49.7; INT1(Br)¼�50.7 kcalmol�1). Product (glyci-
dol) formation can take place from the intramolecular
attack of the C2 methine oxygen atom on the C1
methylene carbon atom; that is, the epoxide is reformed
with loss of the halide. The enthalpy of activation for this
step is far less than that for the initial attack on the
epoxide ring (DH: TS2b(Cl)¼�51.7; TS2b(Br)¼
�55.4 kcalmol�1); the free energy of activation is also
more favorable (DG: TS2b(Cl)¼�41.8; TS2b(Br)¼
�45.6 kcalmol�1). Ring opening by hydroxide is there-
fore predicted to be quickly followed by reformation of a
new epoxide ring with loss of the halide. This leads to
PIM1 and finally the products (glycidol and halide). The
energetics associated with the indirect displacement
mechanism (Pathway 2 in Fig. 3) are given in Table 2.


Nucleophilic attack could also occur in principle at the
methine position of the epoxide ring (C2), so the
transition states for this pathway (Pathway 3 in Fig. 1)
were also located. These activation energies prove to be
less favorable than those for attack at either the C1 or C3
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Figure 1. Mechanistic pathways for nucleophilic attack by hydroxide on epihalohydrins.
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positions (DH: TS3a(Cl)¼�13.5; TS3a(Br)¼�13.8;
DG: TS3a(Cl)¼�4.6; TS3a(Br)¼�5.1 kcalmol�1). It is
therefore predicted that this pathway is not operative to
any great extent for either epihalohydrin. Again, the two
transition states are essentially identical, with both

Copyright # 2007 John Wiley & Sons, Ltd.

occurring slightly later than those for nucleophilic attack
at the C3 position (TS3a in Fig. 2).


Attack by hydroxide at the C2 position also leads to
ring opening and subsequent formation of an alkoxy
intermediate (INT2). While this intermediate is predicted
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Figure 2. Transition states for nucleophilic attack on epibromohydrin (EBH) and epichlorohydrin (ECH) by hydroxide. Structures
optimized at the HF/6-31þG(d) level of theory. Percentage changes relative to respective epihalohydrin given in parentheses. All
bond distances in Å.
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to be stable at the HF/6-31þG(d) level of theory, it is
calculated to be higher in energy than the barrier to proton
transfer (TS3b) to form the more stable intermediate
(INT1); that is, the process is barrierless and is most likely
an artifact of the optimizations performed at the
Hartree-Fock level of theory. Nucleophilic attack at the
C2 position of the epihalohydrins is likely to lead to rapid
interconversion of the resulting alkoxy intermediateswith
subsequent reformation of the epoxide ring via an
intramolecular displacement.


It should be noted that a transition state for oxetane
formation (TS3c) was also located. While these
transitions states possessed activation energies much less
than those for nucleophilic attack at the C2 position (DH:
TS3b(Cl)¼�38.5; TS3b(Br)¼�40.6; DG: TS3b(Cl)¼
�28.2; TS3b(Br)¼�30.4 kcalmol�1), they are never-
theless greater in energy than those for proton transfer.
Formation of 2-hydroxy oxetane (OXE) is therefore not
predicted to be a major product.


The complete energetics for the mechanisms
involving nucleophilic attack at the C2 position of
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the epihalohydrins (Pathway 3 in Fig. 3) are given in
Table 3.


The gas-phase results may be summarized succinctly:
nucleophilic attack is most likely to occur at the C3
(cyclic methylene) position for ECH [Eqn (1a)], while
nucleophilic attack is slightly more favorable at the C1
(acyclic methylene) position for EBH [Eqn (1b)].


DDGðECHþ OH�Þ : 0:0ðC3Þ < 1:6ðC1Þ


< 3:3ðC2Þ kcal mol�1 (1a)


DDGðEBHþ OH�Þ : 0:0ðC1Þ < 0:6ðC3Þ


< 3:1ðC2Þ kcal mol�1 (1b)


Furthermore, nucleophilic attack is least likely at the
C2 (cyclic methine) positions for both epihalohydrins;
even if attack were to take place at this position, rapid
interconversion of the resulting alkoxy intermediate
would preclude formation of an oxetane product.
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Figure 3. Reaction coordinates for three pathways illustrated in Fig. 1. Refer to Tables 1–3 for enthalpies and free energies.


Table 1. Gas-phase reaction coordinate energies for nucleophilic attack by hydroxide at the acyclic methylene (C1) position of
the epihalohydrins (Pathway 1 in Fig. 1).


Halogen Reactants Ion–molecule (RIM) Transition state (TS1) Ion–molecule (PIM1) Products


Enthalpy DH
Cl 0.0 �23.8 �15.0 �69.7 �50.3
Br 0.0 �23.2 �17.5 �73.5 �56.0


Free energy DG
Cl 0.0 (0.0) �16.4 (7.7) �6.3 (25.0) �61.5 (�27.5) �48.2 (�28.9)
Br 0.0 (0.0) �16.2 (10.3) �8.8 (23.1) �65.7 (�27.6) �54.0 (�29.9)


Parenthetical values are acetone solvated. Enthalpies (DH) and free energies (DG) in kcalmol�1. Level of theory: MP2/aug-cc-pVDZ//HF/6-31þG(d).
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Table 2. Gas-phase reaction coordinate energies for nucleophilic attack by hydroxide at the cyclic methylene (C3) position of
the epihalohydrins (Pathway 2 in Fig. 1).


Halogen Reactants
Ion–molecule


(RIM)
Transition
state (TS2a)


Intermediate
(INT1)


Transition
state (TS2b)


Ion–molecule
(PIM1) Products


Enthalpy DH
Cl 0.0 �23.8 �16.6 �59.8 �51.7 �69.7 �50.3
Br 0.0 �23.2 �16.8 �60.6 �55.4 �73.5 �56.0


Free energy DG
Cl 0.0 (0.0) �16.4 (7.7) �7.9 (21.9) �49.7 (�16.5) �41.8 (�5.0) �61.5 (�27.5) �48.2 (�28.9)
Br 0.0 (0.0) �16.2 (10.3) �8.2 (20.0) �50.7 (�17.5) �45.6 (�7.3) �65.7 (�27.6) �54.0 (�29.9)


Parenthetical values are acetone solvated. Enthalpies (DH) and free energies (DG) in kcalmol�1. Level of theory: MP2/aug-cc-pVDZ//HF/6-31þG(d).


Table 3. Gas-phase reaction coordinate energies for nucleophilic attack by hyrdoxide at the cyclic methine (C2) position of the
epihalohydrin (Pathway 3 in Fig. 1).


Halogen Reactants
Ion–molecule


(RIM)
Transition state


(TS3a)
Intermediate


(INT2)
Transition state


(TS3b)
Intermediate


(INT1)


DH (Proton transfer)
Cl 0.0 �23.8 �13.5 �55.5 �59.5 �59.8
Br 0.0 �23.2 �13.8 �55.8 �60.0 �60.6


DG (Proton transfer)
Cl 0.0 (0.0) �16.4 (7.7) �4.6 (25.1) �45.4 (�13.1) �49.1 (�17.6) �49.7


(�16.5)
Br 0.0 (0.0) �16.2 (10.3) �5.1 (24.2) �45.7 (�15.3) �49.7 (�18.1) �50.7


(�17.5)


Halogen Reactants
Ion–molecule


(RIM)
Transition state


(TS3a)
Intermediate


(INT2)
Transition
state (TS3c)


Ion–molecule
(PIM2) Products


DH (Formation of 2-hydroxy oxetane)
Cl 0.0 �23.8 �13.5 �55.5 �38.5 �70.9 �49.6
Br 0.0 �23.2 �13.8 �55.8 �40.6 �74.7 �55.3


DG (Formation of 2-hydroxy oxetane)
Cl 0.0 (0.0) �16.4 (7.7) �4.6 (25.1) �45.4 (�13.1) �28.2 (5.7) �62.8 (�29.4) �47.3 (�29.3)
Br 0.0 (0.0) �16.2 (10.3) �5.1 (24.2) �45.7 (�15.3) �30.4 (13.6) �66.3 (�28.4) �53.1 (�30.3)


Parenthetical values are acetone solvated. Enthalpies (DH) and free energies (DG) in kcalmol�1. Level of theory: MP2/aug-cc-pVDZ//HF/6-31þG(d).
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It should be noted that the HF/aug-cc-pVDZ results are
not in agreement with the MP2/aug-cc-pVDZ results.
Specifically, the HF calculations predict the following
relative ordering of transitions states for ECH [Eqn (2a)]
and EBH [Eqn (2b)].


DDGðECHþ OH�Þ : 0:0ðC1Þ < 6:4ðC3Þ


< 11:5ðC2Þ kcal mol�1 (2a)


DDGðEBHþ OH�Þ : 0:0ðC1Þ < 9:6ðC3Þ


< 14:6ðC2Þ kcal mol�1 (2b)


These results would appear to indicate that nucleo-
philic attack should only occur at the acyclic methylene
(C1) position and that there should be little competition
between this mechanism and that for attack at the cyclic
methylene (C3) position.


To investigate this discrepancy, additional single-point
energy calculations using density functional (B3LYP) and

Copyright # 2007 John Wiley & Sons, Ltd.

coupled-cluster (CCSD) theory were carried out on the
HF/6-31þG(d) optimized structures and Hessians. These
results are collected in Table 4.


Calculations performed at the highest level of theory,
CCSD/6-31þG(d)//HF/6-31þG(d), agree with those
performed at the MP2 level of theory for ECH; that is,
DDG: C3<C1<C2. Specifically, the CCSD calculations
lead to a 1.3 kcalmol�1 stabilization of the TS1, a
1.8 kcalmol�1 destabilization of the TS2a, and a
2.0 kcalmol�1 destabilization of the TS3a with respect
to the MP2 transition states. The B3LYP results support
those determined at the HF level for ECH; that is, DDG:
C1<C3<C2. It should also be noted that the B3LYP
activation energies are substantially lower than those
found at the other three levels of theory. This under-
estimation of activation energies by density functional
methods appears to be one of its characteristics.28


All four levels of theory agree with regards to the
relative ordering of TS energies for the EBH systems; that
is, DDG: C1<C3<C2. Again, the CCSD and MP2
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Table 4. Comparison of enthalpies and free energies of activation as a function of level of theory.


Level/Basis


TS1 TS2a TS2b TS3a TS3b TS3c


DH DG DH DG DH DG DH DG DH DG DH DG


Epichlorohydrin: DDH/G¼DH/G(TS)�DH/G(reactants)
HF/1 �13.7 �4.9 �7.1 þ1.6 �53.9 �43.9 �1.9 þ7.0 �53.9 �43.5 �42.1 �31.8
HF/2 �12.6 �3.9 �6.2 þ2.5 �52.3 �42.3 �1.4 þ7.6 �52.8 �42.4 �41.1 �30.9
MP2/1 �12.6 �3.9 �15.5 �6.8 �50.2 �40.2 �12.1 �3.1 �58.1 �47.7 �35.2 �24.9
MP2/2 �15.0 �6.3 �16.6 �7.9 �51.7 �41.8 �13.5 �4.6 �59.5 �49.1 �38.5 �28.2
B3LYP/1 �20.6 �11.9 �17.4 �8.7 �57.9 �48.0 �14.1 �5.2 �59.8 �49.5 �44.7 �34.4
B3LYP/2 �19.1 �10.4 �16.1 �7.4 �55.0 �45.0 �13.0 �4.1 �57.7 �47.3 �42.7 �32.4
CCSD/1 �13.3 �4.6 �13.6 �5.0 �51.2 �41.3 �10.0 �1.1 �57.1 �46.8 �37.9 �27.7


Epibromohydrin: DDH/G¼DH/G(TS)�DH/G(reactants)
HF/1 �16.3 �7.7 �7.4 þ1.2 �57.5 �47.7 �2.3 þ6.3 �54.8 �44.5 �44.3 �34.2
HF/2 �16.6 �7.9 �6.9 þ1.7 �57.4 �47.6 �1.9 þ6.7 �53.6 �43.3 �44.6 �34.5
MP2/1 �16.8 �8.2 �15.9 �7.3 �55.9 �46.1 �12.7 �4.0 �59.3 �49.1 �39.1 �29.0
MP2/2 �17.5 �8.8 �16.8 �8.2 �55.4 �45.6 �13.8 �5.1 �60.0 �49.7 �40.6 �30.4
B3LYP/1 �22.3 �13.6 �17.4 �8.8 �60.5 �50.6 �14.2 �5.5 �60.7 �50.4 �46.0 �35.8
B3LYP/2 �22.2 �13.6 �16.4 �7.8 �59.2 �49.3 �13.2 �4.5 �58.5 �48.2 �45.3 �35.2
CCSD/1 �17.3 �8.7 �14.0 �5.4 �56.8 �46.9 �10.6 �1.9 �58.3 �48.1 �41.7 �31.6


Basis 1¼ 6-31þG(d); Basis 2¼ aug-cc-pVDZ; TS1¼ C1 attack; TS2a¼C3 attack; TS2b¼ epoxide reformation; TS3a¼C2 attack; TS3b¼Hþ transfer;
TS3c¼ oxetane formation. All values in kcalmol�1.
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results are in fairly close agreement with one another; the
CCSD calculations lead to a 0.5 kcalmol�1 stabilization
of the TS1, a 1.9 kcalmol�1 destabilization of the TS2a,
and a 2.1 kcalmol�1 destabilization of the TS3a vis à vis
the MP2 transition states. The B3LYP calculations also
predict the lowest absolute energies of activation.


Based upon the coupled-cluster results and the strong
dependence of the density functional method on the
Hartree-Fock formalism, it is probably safe to conclude
that the perturbation results represent the intrinsic
reactivity of the epihalohydrins in the gas phase [Eqns
(1a) and (1b)].

Solvated pathways


The polarizable continuum model (PCM) was used to
investigate the effects of solvent upon the gas-phase
reaction coordinate. To this end, single-point energy
calculations were carried out at the HF/6-31þG(d) level
upon the optimized gas-phase structures. From these
calculations, the total solvent effect (TOT) was computed;
it is the sum of a number of energies: wavefunction
reorganization (DE), electrostatic (ES), cavitation (CAV),
dispersion (DIS), and repulsion (REP). These energies are
collected in Table 5 for acetone (CH3COCH3). This
solvent was chosen as being representative of polar,
aprotic solvents in general and was one of the solvents
used in the experimental studies of McClure et al.5


A number of generalizations can be drawn from the
PCM results. (1) The reorganization, cavitation, and
repulsion energies were all positive and therefore
destabilizing influences on the gas-phase reaction

Copyright # 2007 John Wiley & Sons, Ltd.

coordinates. Conversely, electrostatic and dispersion
energies were all negative and thus stabilizing. (2)
Electrostatic interactions were clearly the most important
as would be expected for charged and/or dipolar species
in polar solvents. The electrostatic energies also showed
the greatest variation between the species (�51.8 to
�97.1 kcalmol�1, a range of nearly 40 kcalmol�1). (3)
Cavitation and dispersion effects were of next import-
ance, averaging about 13 and �13 kcalmol�1, respect-
ively, and therefore nearly cancelled one another. (4)
Reorganization and repulsion energies showed little
variation among the species considered, averaging
approximately 2 and 6 kcalmol�1, respectively. These
two destabilizing effects therefore served to mitigate the
stabilization incurred from the electrostatic interactions.
From the foregoing, it can be concluded that, in
evaluating relative energies for similar systems or
processes, only electrostatic effects need to be con-
sidered; the other energy terms would appear only to be
important in computing absolute energies.


Solvation has a pronounced effect upon the gas-phase
potential energy surfaces. It results chiefly in eliminating
the minima associated with the reactant (RIM) and
product (PIM1 and PIM2) ion–molecule complexes; that
is, they are no longer stable minima along the reaction
coordinates. More importantly, all three transition states
corresponding to nucleophilic attack (TS1, TS2a, and
TS3) now possess positive energies of activation (i.e., the
energy of the transitions states are greater than that of the
separated reactants). The transition states for intramole-
cular displacement of the halide to reform the epoxide
ring (TS2b) still have negative activation energies, albeit
much higher in energy than their gas-phase counterparts.
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Table 5. Solvation energies calculated at the HF/6-31þG(d) level of theory with the polarizable contiuum model (PCM) for
acetone (kcalmol�1).


Epichlorohydrin


DE ES CAV DIS REP TOT DTOT


Scheme 1
ECHþOH� 2.3 �97.1 13.9 �13.6 6.7 �87.8 0.00
Ion–Molecule (RIM) 3.1 �73.1 12.9 �12.4 5.8 �63.7 24.1
Transition State (TS1) 2.0 �65.0 12.9 �12.2 5.8 �56.5 31.3
Ion–Molecule (PIM1) 1.9 �62.5 13.3 �11.9 5.4 �53.8 34.0
GLYþCl� 1.9 �78.3 13.8 �12.3 6.4 �68.5 19.3


Scheme 2
Transition State (TS2a) 2.2 �66.5 13.0 �12.3 5.6 �58.0 29.8
Intermediate (INT1) 2.5 �62.6 12.3 �12.0 5.2 �54.6 33.2
Transition State (TS2b) 1.5 �58.4 12.7 �12.1 5.3 �51.0 36.8


Scheme 3
Transition State (TS3a) 2.3 �66.5 12.8 �12.2 5.5 �58.1 29.7
Intermediate (INT2) 2.5 �63.5 12.3 �12.0 5.2 �55.5 32.3
Transition State (TS3b) 2.5 �63.7 12.1 �12.2 5.0 �56.3 31.5
Transition State (TS3c) 2.1 �61.5 12.3 �12.2 5.4 �53.9 33.9
Ion–Molecule (PIM2) 1.9 �62.9 12.9 �12.0 5.7 �54.4 33.4
OXEþCl� 1.9 �79.5 13.6 �12.3 6.5 �69.8 18.0


Epibromohydrin


DE ES CAV DIS REP TOT DTOT


Scheme 1
EBHþOH� 2.3 �97.0 14.3 �14.0 6.8 �87.6 0.0
Ion–Molecule (RIM) 3.0 �74.0 13.4 �12.5 6.0 �64.1 23.5
Transition State (TS1) 2.2 �64.4 13.2 �12.7 6.0 �55.7 31.9
Ion–Molecule (PIM1) 1.7 �58.1 13.8 �12.5 5.6 �49.5 38.1


Scheme 2
GLYþBr� 2.2 �73.2 14.2 �13.3 6.6 �63.5 24.1
Transition State (TS2a) 2.6 �68.3 13.4 �12.9 5.8 �59.4 28.2
Intermediate (INT1) 3.0 �62.8 12.6 �12.5 5.3 �54.4 33.2
Transition State (TS2b) 1.6 �56.6 13.0 �12.7 5.4 �49.3 38.3


Scheme 3
Transition State (TS3a) 2.5 �66.8 13.1 �12.7 5.6 �58.3 29.3
Intermediate (INT2) 3.4 �66.1 12.7 �12.6 5.4 �57.2 30.4
Transition State (TS3b) 3.0 �63.9 12.4 �12.7 5.2 �56.0 31.6
Transition State (TS3c) 2.7 �51.8 12.6 �12.8 5.7 �43.6 44.0
Ion–Molecule (PIM2) 1.7 �58.0 13.4 �12.6 5.8 �49.7 37.9
OXEþBr� 2.2 �74.4 14.0 �13.3 6.7 �64.8 22.8


See text for computational details.


A COMPUTATIONAL STUDY OF THE REACTIVITY OF EPIHALOHYDRINS UNDER BASIC CONDITIONS 27

The transition states for intramolecular proton transfer
(TS3b) behave in a similar fashion. Finally, the transition
states for intramolecular displacement of the halide to
form the oxetane ring (TS3c) are now found to possess
positive energies of activation.


In an acetone solution, nucleophilic attack by
hydroxide on ECH is still predicted to be favored at
the cyclic methylene (C3) position; an activation free
energy of 21.9 kcalmol�1 was computed. Nucleophilic
attack at the other two carbon sites was found to have
similar free energies of activation: acyclic methylene
(C1)¼ 25.0, cyclic methine (C2)¼ 25.1 kcalmol�1.
These theoretical results are consistent with the exper-
imental observations of McClure et al.5 The reactivity of
ECH toward hard nucleophiles in polar, aprotic solvents is
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therefore expected to mirror that found in the gas phase
with attack at the C1 position being slightly less favorable
[Eqn (3a)].


DDGðECHþ OH�Þ : 0:0ðC3Þ < 3:1ðC1Þ


< 3:2ðC2Þ kcal mol�1 (3a)


For EBH in acetone solution, one finds that nucleo-
philic attack by hydroxide is also favored at the C3
position, followed by attack at the C1 and C2 positions;
here activation free energies of 20.0, 23.1, and
24.2 kcalmol�1, respectively, were calculated. The values
for attack at the C3 and C1 positions agree fairly well with
those found experimentally by Cawley and Onat:7
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Table 6. Dipole moments calculated at the MP2/aug-cc-pVDZ//HF/6-31þG(d) level of theory for the transition states
corresponding to nucleophilic attack by hydroxide on epibromohydrin (EBH) and epichlorohydrin (ECH).


Transition state


Dipole moment (D)


EBH ECH


TS1 (C1 position: acyclic methylene) 4.04 (gas) 2.66
TS2a (C3 position: cyclic methylene) 7.55 (sol) 4.60 (gas and sol)
TS3a (C2 position: cyclic methine) 4.46 2.16


Transition states with the lowest free energies of activation are parenthetically noted: gas phase¼ gas; solution¼ sol.
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DG(C3)¼ 22; DG(C1)¼ 24 kcalmol�1. This leads to a
relative ordering of transition state energies [Eqn (3b)]
that differs from that found in the gas phase.


DDGðEBHþ OH�Þ : 0:0ðC3Þ < 3:1ðC1Þ


< 4:2ðC2Þ kcal mol�1 (3b)


That is to say, attack is now more favored at the C3
position. Polar aprotic solvents therefore appear to lower
the activation energies of the transition states associated
with ring opening relative to attack at the acyclic position.
This general conclusion is also consistent with exper-
iment.5–7


The solution results can be readily rationalized by
examining the electrostatics associated with the three
transition states to nucleophilic attack. In the gas phase, a
sizable dipole moment (m¼ 7.55D) develops for the
transition state corresponding to attack on the C3 position
of EBH. This dipole is 3.51D larger than that found for
the transition state to attack at the C1 position (Table 6).
As electrostatic effects are dominant in the polar solvent
acetone, the dipole associated with TS2a is stabilized to a
greater extent than that of TS1. The difference in the
respective electrostatic energies, DES¼ES(TS2a)�
ES(TS1), is �3.9 kcalmol�1. When this stabilization
energy is taken into consideration, the C3 pathway is now
favored over that of the C1 pathway in acetone.


A similar situation is found for ECH, only the degree of
electrostatic stabilization (DES¼�1.5 kcalmol�1) is
smaller in magnitude. As the C3 mechanism is already
preferred in the gas phase, the polar solvent only serves to
reinforce this preference in solution.


It should be again noted that the differences between
the transitions states for the other solvation energies (e.g.,
cavitation, etc.) largely cancel one another. For example,
the largest absolute differences for the solvation energies
were found for the reorganization energies (DE), which
are only 0.4 and 0.3 kcalmol�1 for EBH and ECH,
respectively.


CONCLUSIONS


Ab initio molecular orbital calculations were carried out
on EBH and ECH in an attempt to elucidate their
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reactivity with respect to an archetypal (hard) nucleo-
phile, hydroxide. These systems were examined in both
the gas phase and solution under basic conditions.


The gas-phase computations sought to establish the
intrinsic reactivity of these substrates to nucleophilic
attack; specifically, is the product, glycidol, formed
from epihalohydrins through direct displacement of the
halide by hydroxide at the acyclic methylene (C1)
position or indirectly following attack at cyclic
methylene (C3) position of the epoxide ring? In the
case of EBH, the direct displacement mechanism was
found to be about three times more favorable over the
indirect pathway. The indirect displacement mechanism
was, however, determined to be nearly 15 times more
likely for ECH. In both cases, nucleophilic attack at
the methine (C2) position of the epoxide was found to be
inconsequential, occurring in less than 1% of the
reactions in the gas phase. These results clearly
demonstrate that improving the quality of the leaving
group (Cl� to Br�) increases the likelihood of product
formation via direct displacement.


When the reaction was modeled in the polar, aprotic
solvent acetone, the direct displacement mechanism was
effectively shutdown for both epihalohydrins; here,
indirect displacement was approximately 200 times more
favorable over that of direct displacement. These results
can be almost entirely explained by electrostatic
arguments; specifically, a sizable dipole moment is
produced in the transition state for attack by hydroxide at
the C3 position of EBH, which is stabilized by polar
solvents such as acetone. As was the case for the
gas-phase results, little nucleophilic attack at the C2
position was found to occur in polar solutions. Once
again, the appropriate choice of solvent system can bias
the reaction mechanism for this system.


The use of computational methods has offered insights
into the reactivity of these important chemical systems,
which would be difficult to derive solely from experiment.
These insights permit the rational choice of leaving
groups and solvent systems in the biasing of the reactivity
for the epihalohydrins studied. In the final paper in this
series, we will examine the gas-phase and solution
behavior of epihalohydrins that have been activated by
protonation of the epoxide moiety; that is, the reactivity of
EBH and ECH under acidic conditions.
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ABSTRACT: The crown-ether functionalized 2-(N-acetyl-N-arylaminomethylene)benzo[b]thiophene-3(2H)-ones
exhibit photochromic behavior involving photoinitiated Z/E-isomerization around the exocyclic C——C bond followed
by a fast thermal N!O acetyl migration and syn! anti isomerization of the resulting kinetically stable O-acetyl
isomers. The reverse rearrangement is an acid catalyzed reaction. The addition of alkali-earth metal ions to solutions of
N-acyl isomers induces negligible changes in their UV/Vis spectra, which can be significantly enhanced after
irradiation and conversion to the O-acyl isomers. The compounds obtained may be used as sensitive photodynamic
chemosensors with the ‘off-on’ mechanism for alkali-earth ions (Ca2þ, Ba2þ). Quantum-chemical calculations using
the DFT B3LYP/LanL2DZ method predict greater affinity of these sensors to Ca2þ ions (in the gas phase) and to Ba2þ


ions (in acetonitrile). Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; molecular switches; photodynamic chemosensors; quantum-chemical calculations;


crown-ethers; ketoenamines; benzo[b]thiophene

INTRODUCTION


Photochromism is a reversible photoinduced transform-
ation of a chemical species between two forms having
different absorption spectra.1–3 This transformation may
be used for switching of various functions, one of which is
associated with the ligating properties and is employed
for the design of photodynamic and fluorogenic
chemosensors for metal ions.3,4 It has been recently
shown that 2-(N-acyl-N-arylaminomethylene)benzo[b]-
thiophene-, selenophene- and tellurophene-3(2H)-ones
exhibit photochromic behavior allowing their application
as solar-energy storage, chiroptical, and chemosensory
systems.5–7 Photochromism of these compounds is based
on the mechanism involving a photoinitiated Z/E-
isomerization around the exocyclic C——C bond followed
by a fast thermal N!O acetyl migration and syn! anti
isomerization of the resulting kinetically stable O-acetyl
isomers.6,8–12


In this paper, we describe the synthesis of novel
N-acylated crown-containing ketoenamines of the ben-
zo[b]thiophene series and a spectral and quantum-
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chemical investigation into photoswitching of their
complexation properties and sensing activity.

RESULTS AND DISCUSSION


Synthesis


Crown-containing 2-(N-acetyl-N-arylaminomethylene)-
benzo[b]thiophene-3(2H)-ones were obtained as pre-
viously described (Scheme 1).5 The condensation of
3-hydroxybenzo[b]thiophene-2-carbaldehyde with the
crown-ether substituted arylamines occurs smoothly to
give ketoenamines 1a–c. Heating the acetic anhydride
solution of compounds 1a–c in the presence of
triethylamine affords N-acylated ketoenamines 2a–c in
50–70% yields. The products of the photorearrangement
of 3a–c were prepared by the irradiation of acetonitrile
solutions of 2a–c in a quartz photo-reactor with unfiltered
light of a high-pressure mercury lamp and subsequent
evaporation of the solutions at ambient temperature.


The IR-spectra of N-acetyl isomers 2a–c contain strong
absorption bands of the amide (1690–1720 cm�1) and
exocyclic thiophene carbonyl groups (1660–1680 cm�1).
The initial Z-configuration of these compounds was
confirmed by their 1H NMR spectra that display
characteristic downfield signals of the methine protons
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Scheme 1


Table 1. Spectral characteristics of 2,3 in acetonitrile
solutions and quantum yields of the 2!3 rearrangement
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at 8.75–8.90 ppm (whereas the signals of the methine
protons of the E-isomers appear in the region of
5.90 ppm).8,9

Comp.
Absorption, lmax (nm),
(e� 10�4, dm3/mol/cm) w


2a 260 (2.12), 307 (1.70), 428 (1.08) 0.40� 0.01
2b 260 (2.04), 306 (1.66), 428 (1.04) 0.45� 0.01
2c 259 (4.16), 307 (3.44), 428 (2.12) 0.17� 0.005a


3a 308 (1.66), 370 (1.74) —
3b 307 (1.60), 311 (1.82) —
3c 309 (3.28), 370 (3.60) —


a The overall quantum yield for stepwise rearrangement including transfers
of both acetyl groups.

Photochemistry


The absorption spectra of 2a–c contain an intense long
wavelength absorption band with lmax at 428 nm
(Table 1). Irradiation of acetonitrile solutions of 2a–c
at l¼ 436 nm leads to a decrease in the long wavelength
absorption accompanied by a simultaneous increase in the
absorption at the shorter wavelength spectral region (lmax


at 370 nm) as shown in Figs 1 and 2. The spectral changes
observed in Fig. 1 result from the photoinitiated Z/E-
isomerization around the C——C double bond followed by
a fast thermal N!O acetyl migration and syn! anti
isomerization of the resulting kinetically stable O-acetyl
isomers 3a,b.6 Compounds 3a,b undergo E/Z-photois-
omerization around the C——N bond at 273 K (lirr¼
365 nm) followed by a fast thermal Z/E-process with
entire restoration of the initial spectra (Fig. 3). For

Copyright # 2007 John Wiley & Sons, Ltd.

bis-N,N0-diacetyl compound 3c only the total result of
photoreaction is shown at Scheme 2. As seen from Fig. 2
the isosbestic point is not sharp as it is in the case of 2b.
Therefore we consider that the photochemical transform-
ations of 3c proceed as the stepwise process and include
as intermediate the compound with one O-acetyl and one
N-acetyl fragments. Overall quantum yields (w) of the

J. Phys. Org. Chem. 2007; 20: 917–928


DOI: 10.1002/poc







Figure 1. Absorption and emission spectra of 2b in aceto-
nitrile solution before irradiation (1 and 10); after 5 s (2 and
20); 10 s (3 and 30); 20 s (4 and 40); 40 s (5 and 50); 120 s (6 and
60) of irradiation (lirr¼436 nm, C¼ 2.5�10�5M) and after
addition of Ba(ClO4)2 (10-fold molar excess) (7)


Figure 2. Absorption spectra of 2c in acetonitrile solution
before irradiation (1); after 5 s (2); 10 s (3); 20 s (4); 40 s (5);
120 s (6) of irradiation (lirr¼ 436nm, C¼1.25� 10�5M)


Figure 3. Absorption spectra of 2b in acetonitrile solution
at 273K before irradiation (1) and after 1min of the end of
irradiation (1); after 2 s (2); 5 s (3); 15 s (4) of irradiation
(lirr¼ 365nm, C¼2.5�10�5M)
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2! 3 photorearrangement are 0.40 (2a), 0.45 (2b), and
0.17 (2c).


The structures of compounds 3 were confirmed by their
IR spectra containing the nC


——O ester bands (1760–
1770 cm�1), by mass- and 1H NMR spectra. At 293 K in
acetonitrile, N-acylated ketoenamines 2 exhibit weak
fluorescences with maxima at 460–470 nm which

Copyright # 2007 John Wiley & Sons, Ltd.

disappear after the rearrangement into the O-acetyl
isomers 3 due to the fast intersystem crossing processes
(‘on–off’ process).8,13 Fluorescence excitation and
absorption spectra coincide. The thermal 3! 2 back
reaction occuring when passing a stream of dried HCl for
5–10 s through an acetonitrile solution of 3a–c, leads to
complete restoration of the initial absorption and
emission spectra. The behavior of compounds 2 is typical
of the systems displaying negative photochromism.1

Formation of metal complexes and switching
the chemosensor properties


Addition of salts of alkali or alkali-earth metal ions
(10-fold excess) to acetonitrile solutions of crown-
containing 2-(N-acetyl-N-arylaminomethylene)benzo[b]-
thiophene-3(2H)-ones 2a–c induces very small changes
in the UV spectra thus pointing to the negligible
conjugation between crown-ether receptor and ben-
zo[b]thiophene moieties in the N-acetyl form of the
photochromic compounds (Scheme 3). In contrast, the
photoinduced N!O acetyl rearrangement of 2a–c
occurring under irradiation of their acetonitrile solutions
containing the metal salts results in substantial increase in
the extinction of the long wavelength absorption band of
O-acetyl ketoenamines 3a–c (De) accompanied by the
blue shifts (Dl) of that band (‘off–on’ switching of sensor
activity) (Table 2, Fig. 4). The same spectral changes are
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Scheme 3. (compounds 2a,b)


Scheme 2
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Table 2. Spectral changes in long-wave absorption band of complexes 3a–c�Mnþ as compared with 3a–c and quantum yields
of the 2a–c! 3a–c photorearrangements in acetonitrile in the presence of Mnþ


3 Liþ Naþ Kþ Csþ Mg2þ Ca2þ Ba2þ


a De, % 3.2 9.7 11.3 5.5 7.9 26.7 26.7
Dl� 1, nm 0 4 6 3 4 10 10


w� 0.01 0.40 0.57 0.56 0.49 0.51 0.57 0.64
b De, % 9.2 16.4 18.1 9.0 18.7 32.4 40.3


Dl� 1, nm 0 3 3 0 4 10 10
w� 0.01 0.43 0.54 0.62 0.46 0.53 0.62 0.69


c De, % 8.9 19.7 21.3 12.6 20.1 36.2 38.1
Dl� 1, nm 0 3 5 2 4 5 6


w� 0.005 0.16 0.19 0.20 0.15 0.17 0.21 0.22
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also observed upon addition of the corresponding salts to
solutions of photo-obtained O-isomers (Scheme 3).


Quantum yields of the photoreactions 2! 3 in
acetonitrile solutions containing metal ions are higher
than those for the reactions in cation-free solution
(Table 2). The alkaline-earth metal ions induce larger
changes in the absorption spectra of the photoisomers 3
and provide for higher quantum yields of the 2! 3
rearrangement compared with alkali metal ions. For 3a–c,
the greatest spectral response is observed for the case
of Ca2þ and especially Ba2þ ions.


Complexation of 3a with Ba2þ ions gives rise to
appreciable downfield shifts of the proton signals in the
1H NMR spectrum. This effect was the most pronounced

Figure 4. Absorption spectra of 2b�Ba2R in acetonitrile
solution before irradiation (1); after 3 s (2); 6 s (3); 12 s (4);
24 s (5); 36 s (6); 72 s (7) of irradiation (lirr¼
436nm, C2b¼ 2.5�10�5M, CBa2þ ¼ 2:5� 10�4 M


Copyright # 2007 John Wiley & Sons, Ltd.

for the crown-ether methylene protons close to the metal
ion. With increase in the distance between the protons and
the central metal ion, the downfield shifts gradually
decrease (Table 3). This observation is a typical indication
of metal ion incorporation to the crown-ether recep-
tor.14,15


The formation of complexes 3a–c with Ca2þ and Ba2þ


was also studied by spectrophotometric titration.16 The
mole ratio of 3 to metal ion was varied by adding aliquots
of an acetonitrile solution containing certain concen-
tration of metal ions to a solution of 3 in such a way that
the concentration of 3 after mixing of two solutions
remained constant (total volume 2� 10�3 L). The
absorption was monitored at a wavelength at which
the metal–ligand complex absorbs (l¼ 350 nm). The
mole-ratio plots obtained pointed to the formation
of Ca2þ and Ba2þ complexes of 1:1 stoichiometries
(Figs 5 and 6). The stability constants of the complexes
are listed in Table 4.

Quantum-chemical calculations


In order to analyze the factors which influence crown
specificity quantum-chemical calculations using the DFT
B3LYP/LanL2DZ method were carried out.17


4-Aminobenzo-18-crown-6 5 was selected as the model
system.


According to the calculations, conformational isomers
of compound 5 are in close energetic proximity. The
lowest energy structure 5a is shown in Fig. 7 . Other less
stable conformers are destabilized relative to 5a by
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Table 3. 1H NMR data for 2,3a before and after addition of Ba2þ (CD3CN, d, ppm)


CH3 6–CH2O 2–CH2O 2–CH2O Ar ——CH


2a 2.04 s (3H) 3.51–3.66 m (12H) 3.68–3.83 m (4H) 4.09–4.30 m (4H) 6.94–7.10 m (3H)
7.22–7.81 m (4H)


8.80 s (1H)


2a�Ba2þ 2.07 s (3H) 3.74–3.93 m (12H) 3.95–4.06 m (4H) 4.26–4.46 m (4H) 7.10–7.82 m (7H) 8.79 s (1H)
3a 2.47 s (3H) 3.48–3.64 m (12H) 3.71–3.82 m (4H) 4.13–4.25 m (4H) 6.89–7.00 m (3H)


7.41–7.95 m (4H)
8.78 s (1H)


3a�Ba2þ 2.49 s (3H) 3.76–3.90 m (12H) 3.97–4.03 m (4H) 4.31–4.42 m (4H) 7.01–7.14 m (3H)
7.43–7.94 m (4H)


8.79 s (1H)


Figure 5. Mole-ratio plots for the complex of 2b with
Ca(ClO4)2 in acetonitrile solution; CM¼ 5�10�5M (const);
(lobs¼350nm)


Figure 6. Mole-ratio plots for the complex of 2b with
Ba(ClO4)2 in acetonitrile solution; CM¼5�10�5M (const);
(lobs¼350nm)


Table 4. Stability constants of the complexes of 3a–c with
the Ca2þ and Ba2þ cations in MeCN


3


lg K


Ca2þ Ba2þ


a 5.55� 0.1 7.03� 0.1
b 5.67� 0.15 7.20� 0.1
c 5.40� 0.1 7.32� 0.15
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2–9 kcal/mol. The calculated macrocyclic ring structure
of 4-aminobenzo-18-crown-6 was found to be asym-
metric with unequal O���O distances. Interaction of
aminobenzo-18-crown-6 conformers with Ca2þ or Ba2þ


ions leads to the formation of a number of metal

Copyright # 2007 John Wiley & Sons, Ltd.

complexes that differ slightly in their relative stability.
The complexes of 5a with calcium and barium ions are
presented in Fig. 8. The formation of the cations 6 is
accompanied by appreciable compression of the crow-
n-ether cavity. The benzene ring in 5 increases the rigidity
of the macrocycle, reduces the size of the crown-ether
cavity, and provides favorable steric conditions for the
coordination of metal ions. In the case of the Ca2þ


complex, the shortening of the O���O distances as
compared with the free ligand is equal to 0.1–1.0 Å (on
average 0.44 Å). The calculated Ca���O bond lengths are
nearly equivalent and are 2.43–2.48 Å. The Ba2þ ion size
better fits into the macrocycle cavity of 5 and the
conformation of barium complex is virtually planar.
The calculated Ba���O bond lengths are in the range of
2.73–2.81 Å. For the Ba2þ complex, compression of the
macrocycle cavity is less pronounced compared to
the Ca2þ complex: the interatomic O���O distances are
shortened by �0.35 Å. Energies of binding (Ebind) of
complexes 6 (calculated as the difference between total
energies of 5 and the sum of energies of the isolated
monomer 5a and M2þ) are equal to 256.1 (M¼Ca) and
194.7 (M¼Ba) kcal/mol. The gas phase binding affinity
of 5 decreases with increase in the cation size; this
observation is in agreement with previous results on alkali
metal complexes.18–21 Thus, in spite of more favorable
steric conditions for the complexation of the barium
cation, the complex of 5a with Ca2þ is characterized by a
higher Ebind value. This result is in conflict with the
‘hole-size’ concept.22
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Figure 7. Structural characteristics and values of the lowest harmonic vibration frequencies of the lowest-energy conformer 5a
of aminobenzo-18-crown-6 corresponding to the energy minima calculated by B3LYP/LanL2DZmethod. Bond lengths are given
in angström units
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The electronic structure of complexes 5 has been
analyzed using the NBO (natural bond orbital)-scheme.23


According to the NBO-analysis, the principal attractive
component of binding in complexes 5 is due to donation
of electron density from orbitals of the crown oxygen lone
pairs to empty s-orbitals of the metal ion. The calculations
predict a decrease in the nO! s2þ


M orbital interaction
energies on passing from calcium to barium complex (33
and 12 kcal/mol, respectively) that correlates with low-
ering Ebind and charge transfer from crown-ether to cation
(0.42 and 0.27 e, for calcium and barium complexes,
respectively). These effects are due to the increase in the
energy gap between interacting orbitals of the fragments.
Thus, in the gas-phase aminobenzo-18-crown-6 5 is
characterized by greater affinity with respect to Ca2þ as
compared to Ba2þ. This selectivity is governed mainly by
the orbital effects as compared to the influence of the
steric factors.


The quantum-chemical calculations showed that the
interaction of cations with solvent molecules may lead to
significant changes in crown specificity.19,20 The crown
selectivity in solution is determined by a balance between
the energies of crown-cation interaction and cation
solvation. In this work, the influence of specific solvation
on selectivity of 5 was examined for the case of
acetonitrile.


The solvent effect is estimated based on evaluation of
energetics of the process in which some solvent

Copyright # 2007 John Wiley & Sons, Ltd.

molecules in the coordination shell of the metal cation
are replaced by the crown-ether. This approach has been
found to be quite reliable and has been applied for the
evaluation of selectivity of various crown complexes.19,20


The exchange reaction (1) may serve as an appropriate
measure of selectivity of crown-ether in solution.


Ca2þ � ðMeCNÞn þ 5ðM ¼ BaÞ


! Ba2þ � ðMeCNÞn þ 5ðM ¼ CaÞ þ DE1 (1)


According to calculations of binding energies per-
formed for Ca2þ and Ba2þ solvate complexes (Fig. 9), the
calcium ion is characterized by a higher affinity to
acetonitrile than the barium ion (Table 5). Beginning from
solvates with n¼ 5 interaction of a cation M2þ with
solvent becomes energy preferred than that with
crown-ether. This effect is more pronounced for calcium.
Whereas no noticeable selectivity is detected for solvates
with low n values (n¼ 4, 5) the rise in n reveals for the
crown selectivity with respect to barium in accordance
with our experimental data.


The coordination sphere of cation in crown complexes
may be enlarged through additional coordination of
solvent molecules.20 Thus, addition of four acetonitrile
molecules to complexes 6 leads to the formation of
complexes 10 (Fig. 10). As can be seen from Fig. 6, the
additional coordination is accompanied by significant
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Figure 8. Structural characteristics and values of the lowest harmonic vibration frequencies of complexes 6 (M¼Ca, Ba)
corresponding to the energy minima calculated by B3LYP/LanL2DZ method. Bond lengths are given in angström units
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weakening of the crown-cation M���O bonds. At the same
time, the systems 90 are stable with respect to dissociation
of free crown-ether 5a and solvated cation 7 (reaction 2).
The barium complex is characterized by greater stability
in this respect (DE2¼�79.1 kcal/mol for Ca and
�87.3 kcal/mol for Ba).


10 ! 5aþ 7 þ DE2 (2)


The above quantum-chemical calculations coincide
with available theoretical data on the dependence of
crown-ether selectivities on the solvent.19–21

Copyright # 2007 John Wiley & Sons, Ltd.

CONCLUSIONS


The crown-ether functionalized 2-(N-acetyl-N-arylam-
inomethylene)benzo[b]thiophene-3(2H)-ones 2a–c re-
present a new type of molecular switches with the
«off–on» mechanism displaying the chemosensor activity
for Ca2þ and especially Ba2þ (in parallel with ‘on–off’
mechanism of fluorescence activity) caused by the
photoinitiated Z/E-photoisomerization followed by a fast
thermal N!O acetyl migration and syn! anti isomer-
ization of the resulting kinetically stable O-acetyl
isomers. The DFT B3LYP/LanL2DZ quantum-chemical

J. Phys. Org. Chem. 2007; 20: 917–928


DOI: 10.1002/poc







Figure 9. Structural characteristics and values of the lowest harmonic vibration frequencies of solvated complexes
[M2þ�(MeCN)n], (M¼Ca, Ba; n¼ 4–6) corresponding to the energy minima calculated by the B3LYP/LanL2DZ method. Bond
lengths are given in angström units
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calculations predict the greater affinity of 4-amino-
benzo-18-crown-6 derivatives 2 to Ca2þ in the gas phase;
in acetonitrile solution, their relative sensitivity inverts

Table 5. Binding energiesa (Ebind) of complexes
[M2þ�(MeCN)n], (M¼Ca, Ba; n¼4–6) and reaction energies
(DE1 in) for the exchange reactions (1) calculated by B3LYP/
LanL2DZ method


n


Ebind, kcal/mol


DE1, kcal/molM¼Ca M¼Ba


4 243.5 183.8 1.6
5 276.6 211.7 �3.5
6 306.8 236.9 �8.6


a Calculated as difference between total energies of [M2þ�(MeCN)n] com-
plex and the sum of energies of the isolated monomers.


Copyright # 2007 John Wiley & Sons, Ltd.

and the formation of Ba2þ complexes becomes more
preferable.

EXPERIMENTAL


General


1H NMR spectra were recorded on a Varian Unity 300
spectrometer; d values and spin–spin coupling constants
were measured within 0.01 ppm and 0.1 Hz, respectively.
IR spectra in Nujol were measured using a Specord 75IR
spectrometer. UV-Vis absorption spectra in CH3CN were
obtained with a Specord M-40 spectrophotometer.
Fluorescence emission and excitation spectra were
recorded on a Hitachi 650-60 spectrofluorimeter. Irradia-
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Figure 10. Structural characteristics and values of the lowest harmonic vibration frequencies of complexes 10 corresponding to
the energy minima calculated by the B3LYP/LanL2DZ method. Bond lengths are given in angström units
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tion of solutions (V¼ 2� 10�3 L) was carried out by
filtered light of a high-pressure mercury lamp DRSh
(250 W) supplied with a set of glass filters (lirr¼ 436 nm).
The intensity of light used for irradiation of the solutions

Copyright # 2007 John Wiley & Sons, Ltd.

was 3� 1016 photons/s for the spectral line 436 nm.
Alkali metal ions were added to solutions as iodides and
alkali-earth metal ions—as perchlorates. Potassium
ferrioxalate was used as the actinometer for the

J. Phys. Org. Chem. 2007; 20: 917–928


DOI: 10.1002/poc







CHEMOSENSOR ACTIVITY 927

determination of quantum yields (w) of the photoreac-
tions.24 The samples had absorbance of 0.95 at
lirr¼ 436 nm (l¼ 1 cm, V¼ 2� 10�3 L, rate of conver-
sion of 2!3 � 5%, the experimental error in w is � 5%).
The stability constants of the complexes were determined
as previously described.25 Mass spectra were recorded on
MX-1321A and Finnigan LCQ Deca XP MAX spec-
trometers.


2-[(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,
20-hexaoxabenzocyclooctadecen-2-ylamino)methylene]-
benzo[b]thiophene-3(2H)-one (1a). A solution of
4-aminobenzo-18-crown-6 (1.8 g, 5.5 mmol) in 3 mL of
acetonitrile was added to a solution of 3-hydro-
xybenzo[b]thiophene-2-carbaldehyde (0.98 g, 5.5 mmol)
and refluxed for 3–5 min. The precipitate was filtered and
crystallized from toluene to give 1a as a red powder. Yield
75%; m.p. 113–1158C. IR (nujol): n (cm�1) 1630, 1600,
1585, 1565, 1510. 1H NMR (300 MHz, DMSO-d6), d
3.50–4.21 (m, 20H, 10CH2O), 6.89–7.10 (m, 7H, Ar-H),
8.20 (d, J¼ 13.7 Hz, 1H, ——CH), 9.84 (d, J¼ 13.7 Hz,
1H, NH) ppm. MS (EI): m/z 487 [M]þ. Anal. Calcd
for C25H29NO7S, C 61.59, H 6.00, N 2.87; found, C
61.43, H 6.11, N 2.80%.


2-[(6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-
hexaoxadibenzo[a,j]cyclooctadecen-2-ylamino)methy-
lene]benzo[b]thiophene-3(2H)-one (1b) was synthes-
ized in a similar way as 1a and crystallized from toluene-
DMFA mixture (1:1). Yield of a red powder 90%, mp
207–2098C. IR (nujol): n (cm�1) 1640, 1595, 1570, 1505.
1H NMR (300 MHz, DMSO-d6), d 3.82–4.24 (m, 16H,
8CH2O), 6.78–7.84 (m, 11H, Ar-H), 8.23 (d, J¼ 13.6 Hz,
1H, ——CH), 9.85 (d, J¼ 13.6 Hz, 1H, NH) ppm. MS (EI):
m/z 535 [M]þ. Anal. Calcd for C29H29NO7S, C 65.03, H
5.46, N 2.62; found, C 64.95, H 5.60, N 2.51%.


N,N0-Bis(3-oxo-3H-benzo[b]thiophene-2-ylidenemethyl)-
6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-hexaoxadi-
benzo[a,j]cyclooctadecen-2,14-diamine (1c) was synthes-
ized in a similar way as 1a (from 5.5 mmol of 4,40-
diaminodibenzo-18-crown-6 and 11 mmol of 3-hydroxy-
benzo[b]thiophene-2-carboxaldehyde) and crystallized
from DMFA. Yield of a red powder 85%, mp 304–
3068C. IR (nujol): n (cm�1) 1665, 1600, 1545. 1H NMR
(300 MHz, DMSO-d6), d 3.76–4.21 (m, 16H, 8CH2O),
6.82-7.83 (m, 14H, Ar-H), 8.25 (d, J¼ 13.4 Hz, 2H, ——
CH), 10.02 (d, J¼ 13.4 Hz, 2H, NH) ppm. MS (EI): m/z
710 [M]þ. Anal. Calcd for C38H34N2O8S2, C 64.21, H
4.82, N 3.94; found, C 64.11; H 4.73; N 3.81%.


2-{[N-Acetyl-(6,7,9,10,12,13,15,16,18,19-decahydro-5,
8,11,14,17,20-hexaoxabenzocyclooctadecen-2-yl)amino]-
methylene}benzo[b]thiophene-3(2H)-one (2a). Compound
1a (0.3 g, 0.6 mmol) was dissolved in acetic anhydride
(1 mL) in the presence of triethylamine and refluxed for
10 min. The precipitate was filtered and crystallized from
toluene. Yield of yellow crystals 68%, mp 160–1618C. IR
(nujol): n (cm�1) 1690, 1660, 1580, 1550, 1500. 1H NMR
(300 MHz, DMSO-d6), d 2.04 (s, 3H, CH3), 3.63–4.22 (m,
20H, 10CH2O), 6.89–7.76 (m, 7H, Ar-H), 8.75 (s, 1H, ——

Copyright # 2007 John Wiley & Sons, Ltd.

CH) ppm. MS (EI): m/z 529 [M]þ. Anal. Calcd
for C27H31NO8S, C 61.23, H 5.90, N 2.64; found, C
61.32, H 5.84, N 2.60%.


2-{[N-Acetyl-(6,7,9,10,17,18,20,21-octahydro-5,8,11,
16,19,22-hexaoxadibenzo[a,j]cyclooctadecen-2-yl)amino]-
methylene}benzo[b]thiophene-3(2H)-one (2b) was synthe-
sized in a similar way as 2a and crystallized from toluene.
Yield of a yellow powder 74%, mp 210–2128C. IR
(nujol): n (cm�1) 1705, 1675, 1590, 1565, 1515. 1H NMR
(300 MHz, DMSO-d6), d 2.08 (s, 3H, CH3), 4.00–4.36 (m,
16H, 8CH2O), 6.76–7.84 (m, 11H, Ar-H), 8.90 (s, 1H, ——
CH) ppm. MS (EI): m/z 577 [M]þ. Anal. Calcd
for C31H31NO8S, C 64.46, H 5.41, N 2.42; found, C
64.32, H 5.29, N 2.34%.


N, N0-Bis(3-oxo-3H-benzo[b]thiophene-2-ylidenemethyl)-
N,N0-diacetyl-6,7,9,10,17,18,20,21-octahydro-5,8,11,16,
19,22-hexaoxadibenzo[a,j]cyclooctadecen-2,14-diamine
(2c) was synthesized in a similar way to 2a and
crystallized from DMFA. Yield of a yellow powder
52%, mp 289–2918C. IR (nujol): n (cm�1) 1715, 1690,
1600, 1575, 1520. 1H NMR (300 MHz, DMSO-d6), d 2.00
(s, 6H, 2CH3), 3.64–4.22 (m, 16H, 8CH2O), 7.04–7.74
(m, 14H, Ar-H), 8.78 (s, 2H, ——CH) ppm. MS (EI): m/z
794 [M]þ. Anal. Calcd for C42H38N2O10S2, C 63.46, H
4.82, N 3.52; found, C 63.29, H 4.71, N 3.60%.


2-[(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,
17,20-hexaoxabenzocyclooctadecen-2-ylimino)methyl]-
benzo[b]thiophene-3(2H)-yl acetate (3a). A solution of
2a (0.3 g, 0.6 mmol) in 10 mL of acetonitrile was
irradiated with a non-filtered light of a high-pressure
mercury lamp for 2 h in quartz photo-reactor. Evaporation
of this solution at ambient temperature affords 3a as a
yellow powder. Yield 100%, mp 66–678C. IR (nujol): n
(cm�1) 1770, 1610, 1580, 1510. 1H NMR
(300 MHz, CD3CN), d 2.46 (s, 3H, CH3), 3.48–4.23
(m, 20H, 10CH2O), 6.88–7.92 (m, 7H, Ar-H), 8.78 (s, 1H,
——CH) ppm. MS (EI): m/z 529 [M]þ. Anal. Calcd
for C27H31NO8S, C 61.23, H 5.90, N 2.64; found, C
61.20, H 5.85, N 2.71%.


2-[(6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-
hexaoxadibenzo[a,j]cyclooctadecen-2-ylimino)methyl]-
benzo[b]thiophene-3(2H)-yl acetate (3b) was synthes-
ized in a similar way to 3a.Yield of a yellow powder
100%, mp 104–1058C. IR (nujol): n (cm�1) 1760, 1610,
1570, 1500. 1H NMR (300 MHz, DMSO-d6), d 2.53 (s,
3H, CH3), 3.84–4.22 (m, 16H, 8CH2O), 6.80–7.87 (m,
11H, Ar-H), 8.77 (s, 1H, ——CH) ppm. MS (EI): m/z 577
[M]þ. Anal. Calcd for C31H31NO8S, C 64.46, H 5.41, N
2.42; found, C 64.37, H 5.40, N 2.54%.


N,N0-Bis(3-acetoxybenzo[b]thiophene-2-ylmethylene)-
6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-hexaox-
adibenzo[a,j]cyclooctadecen-2,14-diamine (3c) was syn-
thesized in a similar way to 3a.Yield of a yellow powder
100%, mp 164–1658C. IR (nujol): n (cm�1) 1770, 1610,
1580, 1500. 1H NMR (300 MHz, DMSO-d6), d 2.49 (s,
6H, 2CH3), 3.83–4.22 (m, 16H, 8CH2O), 6.84–7.85 (m,
14H, Ar-H), 8.77 (c, 2H, ——CH) ppm. MS (EI): m/z 794
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[M]þ. Anal. Calcd for C42H38N2O10S2, C 63.30, H 4.91,
N 3.50; found, C 63.30, H 4.91, N 3.50%.
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ABSTRACT: Novel bis-4,9-diazapyrenium dication has shown reversible pH dependent formation of 4,9-
diazapyrenium pseudobase in water characteristic for most 4,9-diazapyrenium derivatives. The compound has
formed non-covalent complexes with nucleotides in water, whose stability is controlled dominantly by aromatic
stacking interactions. No cooperativity between two 4,9-diazapyrenium subunits was observed in binding of
nucleotides. Novel bis-4,9-diazapyrenium dication formed mono-intercalative complexes with studied double
stranded DNA and RNA. Additional interactions of non-intercalated part were found to depend significantly on
the polynucleotide secondary structure, yielding strong DNA over RNA preference. Appearance of ICD band of 3was
found to be specific for DNA polynucleotides and together with observed destabilisation of double stranded RNA is
attributed to the aggregation of compound in one of the RNA grooves. All bis-4,9-diazapyrenium dications prepared
till now have shown considerable antiproliferative activity against five human tumour cell lines, which suggested
mechanism of action by interacting with cell DNA. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: bis-4,9-diazapyrenium cations; DNA; RNA; intercalation; antiproliferative activity; antitumour activity

INTRODUCTION


In the last 40 years, small molecules that intercalate into
DNA and RNA have been the target of the most intensive
research. They have been studied for their usage as the
fluorescent markers for nucleic acids, molecular tools
(artificial endonucleases, etc.), or simply due to broad
spectra of their biological activities.1,2 The recently
discovered relatively selective interaction of ethidium
bromide (EB) and it’s close analogues with particular
RNA, HIV-related sequences3 stirs new interest for
re-investigation of already known aromatic systems4 and
their close analogues,5 since it was shown that even small
structural variation can strongly influence the activity of
compounds. In the last decade, 2,7-diazapyrenium
derivatives (2,7-DAPs), actually structural analogues of
pyrene and methyl-viologen, have shown interesting
specificity and cleaving properties of the double stranded

to: I. Piantanida, Laboratory for Supramolecular and
mistry, Ruper Bošković Institute, P.O.B. 180,
b, Croatia.
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polynucleotides, offering possible implementation as
artificial endonucleases.6 In addition, 4,9-diazapyrenium
cations (4,9-DAPs) can be considered as derivatives of EB
with extended aromatic surface. At variance to 2,7-DAPs
and EB derivatives, 4,9-DAPs reveal dramatically
different physico-chemical properties, among which the
pH dependent opening of the heteroaromatic ring is
the most prominent7 and should be stressed as the
possible cause of the observed selectivity towards tumour
cell lines.8 Monomeric 4,9-DAPs intercalate into double
stranded and single stranded DNA and RNA, their affinity
and specificity being strongly dependent on the attached
substituents.9,10 Substituents on the 4,9-DAP moiety also
have strong impact on their antitumour activity.8 A DNA/
RNA bis-intercalating compounds are one of the most
extensively studied groups of small molecules,11 offering
a number of advantages if compared to mono-
intercalators. There is intriguing difference in nucleotide
binding between dimeric 2,7-DAPs and their 4,9-DAP
analogues. Former bind nucleotide by pronounced chelate
effect (nucleobase placed between DAP units, simul-
taneous aromatic stacking interactions)6f, while for the
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latter (bis-4,9-DAP) molecules the chelate effect is
not observed.9 As an extension of studies of a linker
contribution on the mode of binding dimeric 4,9-DAPs
to the nucleotides and polynucleotides, here we
present synthesis of the derivative with the 2,20-
(methylenedibenzyl)-linker and study of interactions
with nucleotides and DNA/RNA. Also, here are presented
the effects of all till now known bis-4,9-diazapyrenium
dications on the growth of five human tumour cell lines.

CHEMISTRY


Synthesis


Starting material 4,9-diazapyrene 1 has been prepared
using the modified Mosby procedure7,12 based on
double cyclisation of the respective biphenyl 2,20-
diamides in AlCl3/NaCl melt at 250–2708C. The 2,20-
(methylenedibenzyl)-bis-(4,9-diazapyrenium) dibromide
3 was prepared by reacting 2.2 equivalents of 1 with
bis4-(bromomethyl)phenyl]methane 2 (Scheme 1) under
similar conditions as used for previously prepared m-
and p-xylylene bis-4,9-diazapyrenium analogues (5, 6;
Scheme 2).7 For comparison of spectroscopic properties
with previously studied 5 and 6, dibromide 3 was
converted into corresponding dichloride 4 by anion
exchange with freshly prepared AgCl. Hygroscopic
nature of 3 and 4 hampered elemental analysis; however,
the structures were confirmed by one- and two-
dimensional NMR techniques analogously with pre-
viously reported bis-4,9-diazapyrenium analogues7 and
ESI-MS data. Aqueous solutions of 3, 4 were found to be

Scheme 1. Synthesis of 3 and 4


Scheme 2. Previously studied bis-4,9-diazapyrenium deri-
vatives 5 and 67,9


Copyright # 2007 John Wiley & Sons, Ltd.

stable on a cool and dark place for up to 3 days, after that
time slow degradation of 4,9-diazapyrenium ring started
to show up in 1H-NMR spectra.

Spectroscopy


The UV/Vis spectra of 3 and 4 were found to be identical
and taken in bi-distilled water (c¼ 2�10�5mol dm�3)
are characterised by following maxima lmax/nm
(e/mol�1 cm2): 235.5 (101.2), 281 (18.95), 355 (15.7),
392 (15.9). Molar extinction coefficients (e) of 3 and 4 are
approximately double than found for corresponding
4,9-diazapyrenium ‘monomer’,7 pointing that there is
no intramolecular stacking between diazapyrenium
subunits of 3 and 4. Also, the UV/Vis spectra of 3 and
4 are identical to those of previously studied analogues 5
and 6.7 Absorption of all maxima is linearly dependent on
a concentration up to c(3,4)¼ 5�10�5mol dm�3, pointing
that there is no intermolecular stacking. Nevertheless, at
c(3,4)¼ 5�10�5�1�10�4mol dm�3 small hypochromic
effect is observed (5%), suggesting that intermolecular
interactions between molecules of 3 or 4 start to take
place. Insufficient solubility of 3 and 4 didn’t allow
collection of enough data points for accurate calculation
of self-association constant Ka. Similar as all previously
studied 4,9-diazapyrenium derivatives,73 and 4 show
strong fluorescence in aqueous solution. Again, fluor-
escence maximum (lem¼ 430 nm) and emission intensity
of 3 and 4 resemble closely to the previously studied
analogues 5 and 6. Excitation spectra of 3 and 4 were
found to be in good agreement with the corresponding
electronic absorption spectra, proving that chromophores
responsible for absorption of the light are also emitting
fluorescence.

Reversible pH dependent formation of
4,9-diazapyrenium pseudobase in water


The electronic absorption, 1H-NMR and fluorescence
spectra of most mono- and di-cationic 4,9-diazapyrenium
salts taken in water showed strong pH dependence. This
was explained by reversible formation of corresponding
diazapyrenenium mono-pseudobase. The equilibrium
constants (expressed as pKDMOH) were calculated from
pH dependent changes in electronic absorption spectra.
However, pK values have shown to be strongly dependent
on a type of substituent and it’s position on the
diazapyrenium ring.7,10 Therefore, it was necessary to
determine the pK values of 3 and 4. This was done by
monitoring the changes in UV/Vis spectrum of 3 and 4
while changing the pH in the range of pH 3–8
(Fig. 1). The pK(3,4)¼ 6.4 calculated from the
spectral changes was in good agreement with the pK
values previously determined for mono-cationic 4,9-
diazapyrenium analogues.7
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Figure 1. Changes of the electronic absorption spectra of 3
(c¼ 2�10�5 mol dm�3) in water induced by variation of
pH¼ 3–8


Figure 2. Fluorimetric titration of 3 at lmax¼428 nm
(c¼4.0� 10�6 mol dm�3) with ATP at pH¼5 (sodium
citrate buffer, I¼ 0.03 mol dm�3)
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Binding of nucleotides in water


Interactions of 4 with nucleotides have been studied by
fluorescence titrations in buffered aqueous solution at
pH¼ 5. At these conditions, studied compound is more
than 95% in diazapyrenium form (pK¼ 6.4). Consecutive
additions of studied nucleotides induced total quenching
of fluorescence emission of 4, similar as noted for
previously studied analogues.7 The binding constants (Ks,
Table 1) were calculated from fluorimetric titration data
by processing the changes in complete spectra using the
SPECFIT program.13 For all studied nucleotides, the best
fit was obtained for the formation of two complexes,
namely 4/nucleotide complex of 1:1 stoichiometry
exhibiting weaker fluorescence compared to free 4 and
the 4/(nucleotide)2 being non-fluorescent (Figure 2).


Previous studies have shown that titration with
nucleotides resulted in total quenching of all ‘monomer’
analogues of 4, as a result of aromatic stacking
interactions between nucleobase and 4,9-diazapyrenium

Table 1. Comparison of binding constants (log Ks)
a and their


analogues 5b and 6b with different nucleotidesc


4


dlog Ks11
eI11/I0


dlog Ks12
eI12


CMP �1 0.9 f f


GMP 2.7 0.7 2.3 0
AMP 2.6 0.2 2.2 0
ATP 2.9 0.4 2.1 0


aObtained by SPECFIT Program, error of calculated Ks values is at most �10%
b Published results.7
c AMP2�¼ adenosine monophosphate; ATP4�¼ adenosine triphosphate; GMP2�
dK11 and K12 refer to the equilibria LþN@LN and LNþN@LN2 (L¼ ligan
e I0 is emission intensity of free 4, I11, and I12 are emission intensities calculated by
fNot determined due to low percentage to complex formed.


Copyright # 2007 John Wiley & Sons, Ltd.

moiety. It is interesting to note that previously studied
bis-4,9-diazapyrenium (5, 6) analogues,7 do not form
chelate type of complexes with nucleotides, although
xylyl-linker should support insertion of one nucleobase
between 4,9-DAP units stabilised by simultaneous
aromatic stacking interactions.


However, the rigidity and length of the 2,20-
(methylenedibenzyl)-linker of 4 is not likely to allow
formation of chelate type of complex where nucleotide
forms non-covalent interactions with both diazapyrenium
subunits simultaneously. This is in accord with titration
results (Table 1), pointing towards formation of two
different 4/nucleotide complexes. At higher [4]/[nucleo-
tide] ratios complex of 1:1 stoichiometry is dominant
species, only one 4,9-diazapyrenium unit of 4 for-
ming non-covalent interaction with nucleotide. In a such
4/nucleotide complex, only fluorescence of the
4,9-diazapyrenium unit interacting with nucleobase is
totally quenched, while the other diazapyrenium unit is
free and emitting fluorescence; as a result 1:1 stoichi-

fluorimetric properties observed for complexes of 4 and


5b 6b


dlog Ks11
eI11/I0


dlog Ks11
eI11/I0


1.4 0.5 1.6 0.6
2.1 <0.1 2.3 0.4
2.3 0.5 2.6 <0.1
2.2 0.7 2.9 <0.1


.


¼ guanosine monophosphate; CMP2�¼ cytidine monophosphate.
d; N¼ nucleotide), respectively.
SPECFIT Program for complexes of 1:1 and 1:2 stoichiometry, respectively.
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Figure 3. Fluorimetric titration of 3 at lmax¼428 nm
(c¼8.7� 10�7 mol dm�3) with poly dA-poly dT at pH¼ 5
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ometry 4/nucleotide complexes emit fluorescence weaker
than free 4 (Table 1). At higher excess of [nucleotide]
over [4], 1:2 complex [4/(nucleotide)2] is progressively
formed, in which both 4,9-diazapyrenium units are
interacting with two separate molecules of nucleotide and
consequently, fluorescence of 4 is totally quenched.


Calculated Ks11 and Ks12 values for 4/nucleotide
complexes (Table 1) are of the same order of magnitude
and also similar to the previously determined Ks values
for mono- and bis-4,9-diazapyrenium (5, 6) analogues.7


That is in good agreement with the presumption that
aromatic subunits of 4 bind nucleotides independently.
Stability constant values (Ks) of 4/nucleotide complexes
are dependent on the size of the aromatic surface of
nucleobase pointing towards p–p aromatic stacking
interactions between 4 and nucleotides as dominant
binding interactions.

(sodium citrate buffer, I¼ 0.03 mol dm )


Table 2. Binding constants a(Ks) and ratios an([bound com-


pound]/[polynucleotide]) calculated from fluorimetric titrationsb


of 3, 5 and 6


3 5d 6d


n log Ks n log Ks n log Ks


ct-DNA 0.3 6.0 0.14 5.8 0.08 7.0
Poly dAdT-poly dAdT 0.2 6.3 — — 0.16 6.6
Poly dGdC-poly dGdC 0.2 6.4 — — 0.23 6.6
Poly dA-poly dT 0.3 6.6 — — — —
Poly A-poly U c c — — — —


aAccuracy: n� 10–30%, Ks vary within the order of magnitude.
b pH¼ 5, sodium citrate buffer, I¼ 0.03mol dm�3, data processed by means
of Scatchard equation.
c Not possible to calculate.
d Published results.7

Interactions with polynucleotides


Spectrophotometric titrations. UV/Vis titration of 3
and 4with ct-DNA revealed bathochromic shift of lmax at
392 nm for 30 nm and hypochromic effect of about 30 %
in spectra of 3 and 4. Observed effects strongly suggest
involvement of aromatic p–p interactions in binding,
most likely due to the intercalation of 3 and 4 as the
dominant binding mode.14 However, systematic deviation
from the isosbestic point observed in UV/Vis titration
spectra suggested formation of more than one type of
3,4/ct-DNA complex under conditions close to the
saturation of intercalation binding sites, possibly due to
the simultaneous formation of intercalative and non-
intercalative type of complexes.10,15 Due to the simul-
taneous formation of at least two complexes it was not
possible to process UV/Vis titration data by means of
Scatchard equation16,17 to calculate binding constants
(Ks) and ratios n(bound compound]/[polynucleotide]).


To overcome the experimental conditions present
in UV/Vis experiments under which more than one
3,4/polynucleotide complex is formed, we have exploited
strong fluorescence emission of studied compounds,
allowing usage of an order of magnitude of lower
concentrations. In this way, it was possible to perform
titrations at large excess of the polynucleotide, at which
conditions we presumed that one binding mode is
dominant. This presumption was confirmed by excellent
fitting of the titration data to the Scatchard equation
model.16,17


Further experiments were done in more detail with
3 due to the somewhat better solubility and few
experiments were repeated with 4, giving essentially
the same results as found for 3. Addition of double
stranded DNA polynucleotides induced total quenching
of fluorescence emission of 3 at high excess of
polynucleotide over 3 (Fig. 3). Processing of titration
data by means of Scatchard equation16,17 gave excellent

Copyright # 2007 John Wiley & Sons, Ltd.

agreement of experimental and calculated data, pointing
towards formation of only one type of 3/polynucleotide
complex.


The obtained Ks values (Table 2) do not differ
significantly from the previously reported for mono-
and bis-diazapyrenium analogues.9 Calculated ratios n
are of the same order of magnitude as expected for
mono-intercalator and significantly higher than theoreti-
cally possible values for bis-intercalation (nteor.< 0.1).18


Titration experiments with double stranded RNA poly
A-poly U yielded total quenching of fluorescence
emission of 3 already at excess of 3 over intercalation
binding sites, what hampered processing of the titration
data by means of Scatchard equation. Much lower
concentrations of poly A-poly U necessary for reaching
the end of titration if compared to DNA polynucleotides
point either to much higher affinity of 3 towards ds-RNA
or simultaneous formation of more different complexes.
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Figure 4. Melting curves of poly dA-poly dT and 3 at pH¼5
(sodium citrate buffer, I¼ 0.03 mol dm�3). For measuring
conditions see footnotes to Table 3 and the Experimental
section; the ratios r ([3]/[ct-DNA]) are: 0.0, 0.05, 0.1, 0.2,
0.3, 0.5 (from left to right), and the curves are normalised
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Thermal denaturation experiments. Addition of 3
to the DNA ds-polynucleotides yielded exceptionally
strong thermal stabilisation of double stranded helices
(Fig. 4, Table 3).


On the other hand, addition of 3 to poly A-poly U
induced conversion of biphasic thermal denaturation
curve into triphasic. The first transition at Tm¼ 36.38C
(attributed to denaturation of poly A-poly U)19 was upon
addition of 3 converted into two-step transition, first
having negative and other positive sign of DTm value
compared to Tm value of poly A-poly U. Observed results
could only be explained by co-existence of two different
binding modes of 3, one destabilising and another
stabilising double helical structure of RNA. It is important
to stress that stabilising effect (positive DTm value) was
constant over studied range of ratios r, while destabilising

Table 3. DTm values (8C)a of studied ds-polynucleotides at di
I¼ 0.03mol dm�3)


r 0.05


ct-DNA 11.1/23.0
ct-DNA, þ0.1M NaCl 16.6
Poly dA-poly dT 31.4
Poly dA-poly dTþ0.1M NaCl 0
dPoly A-poly U �4.0/þ3.9
dPoly AHþ-poly AHþ �1.4
dPoly A-poly U 0
dPoly AHþ-poly AHþþ 0.1M NaCl 0


a Error in DTm:� 0.58C.
b r¼ [compound]/[polynucleotide].
c Tm> 1008C.
d Biphasic transitions: the first transition at Tm¼ 36.38C is attributed to denaturatio
denaturation of poly AHþ-poly AHþ since poly A at pH¼ 5 is mostly protonate
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effect (negative DTm values) substantially increased with
increasing value of r. Stabilisation could be explained
by intercalative mode of binding of 3 to ds-RNA, low
DTm values (þ3.98C) suggesting that only one 4,9-
diazapyrenium unit intercalated into double helix. It is
well known that many classical intercalators bind to the
ds-polynucleotides also by non-intercalative binding
mode at r[compound]/[polynucleotide]> 0.2.10,15 Increasing
impact of such non-intercalative binding mode is usually
proportional to the increase of ratio r, what corresponds
here is the observed substantial increase of the negative
DTm values. The third transition curve observed in
thermal denaturation experiment with poly A-poly U at
Tm¼ 77.28C (attributed to poly AHþ-poly AHþ)19 was
substantially destabilised by increasing values of ratio r.
The reason for that is likely stabilisation of poly A-poly U
and in addition high thermal denaturation point of
poly AHþ-poly AHþ, at which temperatures 3 very likely
does not form a stable complex with poly
AHþ-poly AHþ. Also, repulsive forces between posi-
tively charged adenines of poly AHþ-poly AHþ at pH¼ 5
and two positive charges of 3 could be the cause of
destabilisation effect.


To shed more light on the influence of electrostatic
interactions on the thermal stabilisation of double helices
in the presence of 3, we have performed thermal melting
experiments at increased ionic strength with c(NaCl)¼
0.1mol dm�3 in the respective buffer. Obtained results for
ds-DNA polynucleotides (Table 3) showed, as expected,
increased Tm value for the free DNA and again high
stabilisation effect upon addition of 3. This result points
towards dominant role of aromatic stacking interactions
between 3 and DNA bases in complex stability, while
interactions of positive charges of 3 with negatively
charged DNA phosphates play minor (if any) role. The
increase of ionic strength completely abolished any effect
of 3 on thermal denaturation of poly A-poly U, which
suggested that intercalative binding mode (if present at
all) plays minor role in the binding of 3 to poly A-poly U.

fferent ratios br of 3 at pH¼ 5.0 (sodium citrate buffer,


0.1 0.2 0.3


>35c >35c >35c


>22c >22c >22c


36.0 37.6 38.0
2.4 5.2 8.5


�5.4/þ4.0 �5.9/þ3.8 �/þ3.9
�1.8 �2.7 �4.3
0 0 0
0 0 0


n of poly A-poly U and the second transition at Tm¼ 77.28C is attributed to
d and forms ds-polynucleotide.19
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Figure 6. Ethidium bromide (EB) displacement assay: to
ethidium bromide (c(EB)¼5�10�6 mol dm�3) solution poly-
nucleotide (c¼ 6�10�5 mol dm�3, r[EB]/[polynucleotide]¼
0.08) was added, and quenching of the EB/polynucleotide
fluorescence emission (lex¼ 500 nm, lem¼ 595 nm (RNA)
and lem¼605 nm (DNA)) was monitored as function of
increasing c(EB)/c(3)


Figure 5. Non-linear dependence of ratio r (molar ratio of 3/
nucleic acid phosphates) and respectiveDTm values found for
poly dA-poly dT at pH¼ 5 (sodium citrate buffer, I¼
0.03 mol dm�3)
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For all ds-polynucleotides, increase of the ratio r did
not result in a proportional increase of DTm values
(Fig. 5). According to this non-linearity (dependence of
DTm values on the ratio r; Table 3), saturation of binding
sites could be estimated at about r� 0.2,20 the value being
in accordance with calculated values for the ratio n[bound
3]/[polynucleotide] from the spectrophotometric titrations
(Table 2). This finding does not support bis-intercalative
binding mode.


Ethidium bromide (EB) displacement assays. The
results of fluorimetric titrations (Table 2) and thermal
denaturation experiments (Table 3) pointed towards
opposite stabilities of complexes, former method
suggesting higher stability of 3/polyA-poly U complex
than 3/polydA-poly dT complex and latter method
resulting in the significantly lower stabilisation of
polyA-poly U if compared to the DNA analogue.
Therefore, we have performed EB displacement assay
as an alternative method for the estimation of affinity,
since it is based on the ability of studied molecule to
compete for the intercalation binding site with classical
intercalator (Fig. 6).21


It should be taken into account that applied ratios r[3]/
[polynucleotide] and concentration range of 3 and poly-
nucleotides are comparable with thermal denaturation
experiments. The IC50 value of 3 (Figure 6) showed that 3
efficiently displaced EB from poly dA-poly dT, pointing
to the comparable affinity of EB and 3 towards DNA
polynucleotide. This result is in accordancewith the value
of binding constant (Ks) obtained for 3 and previously
reported for EB10 and it is also supported by strong
stabilisation of double helix of poly dA-poly dT by 3
(Table 3). More than one order of magnitude lower IC50


value of 3 obtained forEB displacement from polyA-poly
U (Fig. 6) is in agreement with significantly lower

Copyright # 2007 John Wiley & Sons, Ltd.

stabilisation effect (positive DTm value, Table 3) if
compared to poly dA-poly dT stabilisation (Table 3).


CD spectroscopy. So far, non-covalent interactions at
25-C were studied by monitoring the spectroscopic
properties of studied compound upon addition of the
polynucleotides. In order to get insight into the changes of
polynucleotide properties induced by small molecule
binding, we have chosen CD spectroscopy as a highly
sensitive method towards conformational changes in the
secondary structure of polynucleotides.22 In addition,
achiral small molecules can eventually acquire induced
CD (ICD) spectrum upon binding to polynucleotides,
which could give useful information about modes of
interaction.22 The representative CD titration experiments
are shown at Figs. 7–9.


In the CD spectra of ct-DNA and poly dA-poly dT
(Figures 7, 8), pronounced decrease of peaks at 275 nm
and 283 nm, respectively, was found to be proportional to
the increasing concentration of 3, strongly supporting 3/
polynucleotide complex formation.22 In addition, new,
strongly negative band appeared at 235 nm, which can be
attributed to the ICD spectrum22 of 3 (see UV/vis data,
Chapter 2.2). Other ICD bands, which could be expected
at l>350 nm, are not visible due to the low e values.
Interestingly, band at 235 nm is more pronounced at lower
ratios r¼ 0.2–0.4 than at ratios close to equimolar
concentrations of 3 and polynucleotide (Figs 7b and 8b).
This observation is in good accordance with the
calculated values of Scatchard ratio n (Table 2), as well
as with proposed intercalative binding mode. Namely, at
condition of excess of DNA intercalation binding sites
over concentration of 3 (r¼ 0–0.25), most of the studied
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Figure 7. CD titration of ct-DNA (c¼4.6� 10�5 mol dm�3) with 3 at pH 5 (sodium citrate buffer, I¼0.03 mol dm�3);
(a) changes in complete spectra; (b) dependence of changes at specific bands on a molar ratio r¼ [3]/[ct-DNA]


Figure 8. CD titration of poly dA-poly dT (c¼2.7� 10�5 mol dm�3) with 3 at pH 5 (sodium citrate buffer, I¼ 0.03 mol dm�3);
(a) changes in complete spectra; (b) dependence of changes at specific bands on a molar ratio r¼ [3]/[poly dA-poly dT]
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molecules bind by intercalation, consequently are
similarly oriented and acquire ICD spectrum character-
ised by strongly negative band at 235 nm. At condition of
excess of 3 over intercalation binding sites (r¼ 0.3–1),
the equilibrium is probably shifted in favour of
hydrophobic molecules of 3 aggregating within the
grooves of DNA double helix, thus resulting in less
pronounced ICD band at 235 nm.


Titration of poly A-poly U with 3 yielded also strong
decrease of peak at 265 nm, similar to corresponding
changes observed for DNA polynucleotides (peaks at 275
and 283 nm). However, the ICD band at 235 nm (present
in titrations of DNA polynucleotides with 3, Figs. 7 and 8)
is not observed in the titration of poly A-poly U with 3
(Fig. 9). Absence of the measurable ICD band suggested
that most of the molecules of 3 are not uniformly oriented
in regard to RNA double stranded helix. This is in
accordance with results of thermal melting experiments
and fluorimetric titrations, which point towards more
co-existing binding modes. Such disruption of RNA

Copyright # 2007 John Wiley & Sons, Ltd.

chirality could correspond to the RNA destabilisation
observed in the thermal denaturation experiments
(Table 3).

Discussion of the results of interactions
between 3 and polynucleotides


According to the changes in fluorescence spectrum of 3
induced by addition of polynucleotides, significantly
lower concentration of polyA-poly U led to the saturation
when compared to the concentration of the poly dA-poly
dT and other DNA polynucleotides necessary for
accomplishing comparable changes. Such observation
suggested higher stability of 3/poly A-poly U complex or
more complexes formed simultaneously. Thermal dena-
turation experiments pointed to co-existence of two
different 3/poly A-poly U complexes at studied ratio r,
one being thermally less stable and the other more stable
than free poly A-poly U. Complex characterised by
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Figure 9. CD titration of poly A-poly U (c¼ 4.0�10�5 mol dm�3) with 3 at pH 5 (sodium citrate buffer, I¼ 0.03 mol dm�3);
(a) changes in complete spectra; (b) dependence of changes at specific band on a molar ratio r¼ [3]/[poly A-poly U]
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positive DTm value could be attributed to the intercalative
binding mode but destabilisation (negativeDTm value) for
sure cannot be the result of intercalation; thus, it is likely
caused by some other binding event. At this point, we
should take in account that fluorescence changes of
3 induced by polynucleotide addition are actually the
sum of all interactions of the starting free 3 in the
studied system. Possible interactions upon addition of
polynucleotide consist not only of 3/polynucleotide
interactions but also intermolecular interactions between
two or more molecules of 3 in the hydrophobic
micro-environment of one of the polynucleotide grooves
are possible to occur. Such aggregation of 3 in one of the
poly A-poly U grooves would also explain the absence of
ICD band in the CD titration experiments since the
aggregates of chromophores of 3 cannot be uniformly
oriented in regard to polynucleotide double helix.
Pronounced ICD band of 3 observed exclusively in the
experiments with DNA polynucleotides additionally
supported intercalative binding mode, while disruption
of chirality of RNA upon addition of 3 without any
measurable ICD band pointed towards dominant non-
intercalative binding of 3 at conditions close to the
equimolar 3/RNA phosphates ratio. Such disruption of
RNA chirality could correspond to the RNA destabilisa-
tion observed in the thermal denaturation experiments.


Since it is well known that ds-DNA and ds-RNA by
most differ in b-helical structure of former characterised
by deep, narrow minor groove and broad, shallow major
groove and a-helical structure of latter having roughly
opposite properties of corresponding grooves,2 the
pronounced DNA over RNA selectivity of 3 pointed
towards significant impact of polynucleotide secondary
structure on the non-covalent interactions with 3. Based
on these structural differences, we propose for 3/poly
dA-poly dT and other 3/DNA complexes mono-
intercalative binding mode from the minor groove
position, additionally stabilised by electrostatic and
hydrophobic interactions of the non-intercalated part of

Copyright # 2007 John Wiley & Sons, Ltd.

the 3 in deep, narrow minor groove. On the other hand, 3
formed at least two different complexes with poly A-poly
U. For one of them, we propose mono-intercalative
binding of 3 with less efficient additional interactions of
non-intercalated part of 3 in the broad and shallow minor
groove, resulting in low but still positive thermal
stabilisation of poly A-poly U and low IC50 values. For
other type of complex, we propose aggregation of 3 in one
of the grooves of poly A-poly U, yielding strong effect on
the fluorescence spectra of the free 3 but having small
(thermally destabilising) effect on the poly A-poly U.
Such low affinity complex could be formed only at excess
of 3 over poly A-poly U intercalation binding sites, what
is actually observable from thermal stabilisation exper-
iments—positive (intercalation) DTm value is stable over
the studied range of ratio r, while increased destabilising
effect (aggregation of 3 in major groove) is proportional
to the increased ratio r. In accord with that low IC50 value
is observed for such 3aggregated/polyA-poly U complex,
since 3aggregated obviously does not compete significantly
with the binding of EB to intercalation binding sites of
poly A-poly U.

PHARMACOLOGY


Cell growth inhibition


Since all bis-4,9-diazapyrenium analogues prepared till
now 3, 5 and 6 have shown strong affinity towards DNA
and RNA, and their monomers demonstrated considerable
antiproliferative effects on human cell lines,8 it was
interesting to explore antiproliferative potential of 3, 5
and 6 against a panel of cultured human tumour cell lines.
As presented on Fig. 10, tested compounds showed weak
(0–20%) to high potency (50–70%) of cytotoxicites on
tumour cell lines, depending on applied dose of tested
compound and treated cell line.
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Figure 10. The growth inhibitory effect of bis-4,9-
diazapyrenium analogues 3 (A), 5 (B) and 6 (C) on human
tumour cells. The treated tumour cell growth inhibition was
calculated relative to growth of untreated (control) cells and
shown as per cent (%). Human cell lines: cervical adeno-
carcinoma (HeLa), larynx carcinoma (HEp2), colon carcinoma
(Caco2), poorly differentiated cells from lymph node metas-
tasis of colon carcinoma (SW-620), and pancreatic adeno-
carcinoma (MIAPaCa2). Exponentially growing cells were
treated with different concentration (10�7 M to 10�4 M)
of analogues during 72-h period. Cytotoxicity was analysed
with MTT survival assay
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In the applied concentration of 10�7mol dm�3


to 10�4mol dm�3, analogue 3 demonstrated stronger
growth inhibition effects against HEp2, SW-620 and
Caco-2 cells (Fig. 2A) in comparison to analogues 5 and 6
(Fig. 2B,C). At the same condition cervical carcinoma
cells-HeLa were more sensitive to analogues 5 and 6
compared to 3. All three tested compounds displayed
same growth inhibitory potential against MIAPaCa2 cells
(Fig. 10). In general, differences in activity of 3, 5, and 6
towards different cell lines are not significant enough to
point towards different modes of action. Moreover,
growth inhibitory effect of bis-4,9-diazapyrenium is quite

Copyright # 2007 John Wiley & Sons, Ltd.

comparable to effect obtained for their monomers.8 This
observation, together with the afore described DNA/RNA
binding assays, strongly suggests that studied compounds
owe their antiproliferative activity to the interactions with
DNA and/or RNA within the cell.

CONCLUSIONS


Novel bis-4,9-diazapyrenium dications 3 and 4, same as
previously studied bis-4,9-diazapyrenium analogues 5
and 6, form complexes with the nucleotides of 1:1 and 1:2
stoichiometry, exhibiting no chelate effect, thus each
4,9-diazapyrenium unit binding one molecule of nucleo-
tide independently. Stability constant values (Ks) of 4/
nucleotide complexes are dependent on the size of the
aromatic surface of nucleobase pointing towards p–p
aromatic stacking interactions between 4 and nucleotides
as dominant binding interactions. Although structural
properties of 3 and 4 allow easy insertion of two base pairs
between diazapyrenium units, 3 and 4 bind to double
stranded DNA most likely by mono-intercalative mode
with additional interactions of non-intercalated unit.
Observed strong DNA over RNA selectivity in DTm
values of 3 is common for most of the intercalators. The
ICD band of 3 was observed exclusively for ds-DNA
polynucleotides and not for RNA analogues, thus offering
application of 3 as ds-DNA specific probe. In general,
bis-4,9-diazapyrenium dications 3, 5, and 6 exhibited
strong antiproliferative potential against human tumour
cell lines but comparable to their monomeric analogues,8


suggesting similar mechanism of action by interactions
with cell DNA. In addition, bis-4,9-diazapyrenium
di-cations exhibit reversible ring opening (see chapter
2.3) at weakly acidic conditions (pKa� 6) and thus hold
some promise as compounds targeting different acidic
solid tumour tissues,23 since pH reversible change of
previously studied 4,9-diazapyrenium monomers was
marked as the possible cause of the observed selectivity
towards tumour cell lines.8 The fluorescence of the
4,9-diazapyrenium system is strongly dependent on the
reversible ring opening, thus allowing usage of
4,9-diazapyrenium cations’ pH sensitive fluorescent
probes.

EXPERIMENTAL


Synthesis of 2,2(-(methylenedibenzyl)
-bis-(4,9-diazapyrenium) dibromide (3)


Solution of 4,9-diazapyrene 1 (0.15 g, 0.735mmol)
and bis[4-(bromomethyl)phenyl]methane 2 (0.118 g,
0.334mmol) in dry acetonitrile was refluxed in the dark
at 60–708C for 22 h. The light-brown precipitate formed
was washed with dry acetonitrile and dried under reduced
pressure in the dark to give 3 in 84% yield. Figure 11
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1H NMR(DMSO-d6): 3.89(s, 2H—CH2); 6.52(s,
4H—CH2


0); 7.23(d, J2030 ¼ 8.0Hz, 4H—C20); 7.52(d,
J3020 ¼ 8.0Hz, 4H—C30); 8.59(dd, J23¼ J21¼ 8Hz 2H—
C2); 8.59(dd, J23¼ J21¼ 8Hz 2H—C2); 8.98(d, J12¼
8Hz 2H—C1); 9.05(d, J31¼ 8Hz 2H—C3); 9.12–
9.17(2dd, 4H—C6, C8); 10.04(s, 2H—C10); 11.02(s,
2H—C5). ESI-MS: calculated (found): C43H32N


þ
42 Br�


(—Br�) 681.1454 (681.0202); C43H32N
þ
42(—2Br�)


602.2471 (602.1449).

Conversion to dichloride (4)


Dibromide 3 (0.15 g, 0.2mmol) and freshly prepared
AgCl (0.5 g, 3.5mmol) were suspended in water and
heated at 1008C in the dark for 2 h under vigorous stirring.
After cooling, the formed AgBr and excess of AgCl were
separated using a centrifuge. Aqueous solution was
evaporated to dryness and dark-brown residue
re-crystallised from a small volume of hot methanol
giving light-brown precipitate of 4 at 76% yield.


1H NMR(D2O): 3.8(s, 2H—CH2); 5.78(s, 4H—CH2
0);


7.3(d, J2030 ¼ 7.95Hz, 4H—C20); 7.41(d, J3020 ¼ 7.95Hz,
4H—C30); 7.52–7.68 (m, 6H—C1, C7, C8); 7.78(dd,
J23¼ 8.3Hz, J21¼ 8Hz 2H—C2); 7.95–8(d and s,
4H—C6 and C10); 8.41(d, J32¼ 8.3Hz, 2H—C3);
9.79(s, 2H—C5). ESI-MS: calculated (found):
C43H32N


2þ
4 Cl� (—Cl�) 637.2159 (637.3672);


C43H32N
2þ
4 (—2Cl�)602.2471 (602.1526); C29H24N


þ
2


(—DAP—CH2, —2Cl�) 398.1783 (398.1753).

Materials and methods


1H-NMR spectra were recorded on Bruker spectrometers
at 300 and 600MHz. Chemical shifts (d) in 1H NMR
spectra are expressed in ppm and J values in Hz. TheNMR
measurements were done in DMSO-d6 using TMS as an
internal standard or in D2O solution using water signal as
reference. Signal multiplicities are denoted as s (singlet), d
(doublet), t (triplet), q (quartet) and m (multiplet).

Copyright # 2007 John Wiley & Sons, Ltd.

Electronic absorption spectra were obtained on Varian
Cary 100 Bio spectrometer and fluorescence spectra were
recorded on a Varian Cary Eclipse and Perkin Elmer LS 50
fluorimeter, while CD spectra were collected on JASCO
J815 spectrometer; for all methods quartz cuvettes (1 cm)
were used. The ESI-MS spectra were obtained using
WatersMicromass ZQ. All measurements were performed
in aqueous buffered solutions at pH¼ 5 (sodium citrate
buffer, I¼ 0.03mol dm�3). Polynucleotides were pur-
chased as noted: poly A-poly U, poly dA-poly dT, poly
dAdT-poly dAdT, poly dGdC-poly dGdC (Sigma), calf
thymus ct-DNA (Aldrich). Polynucleotides were dis-
solved in sodium cacodylate buffer, I¼ 0.05mol dm�3,
pH¼ 7. Calf thymus ct-DNA was additionally sonicated
and ltered through a 0.45mm lter.9 Polynucleotide
concentration was determined spectroscopically, and
expressed as concentration of backbone phosphates.
Fluorimetric and UV/vis titrations were performed by
adding portions of polynucleotide solution into the
solution of the studied compound, while CD experiments
were by adding aliquots of studied compound to the
polynucleotide solution. Absorbance and fluorescence
emission of 3 and 4 were proportional to their
concentration under the experimental conditions. Titration
data were corrected for dilution. Excitation of 3, 4 at
lmax¼ 332 nm was used for fluorimetric titrations since
nucleotides and polynucleotides do not absorb light at
l> 300 nm and fluorescence spectra partially overlap
with electronic absorption maxima at lmax> 360 nm.
Binding constants (Ks) for 4/nucleotide complexes were
calculated by SPECFIT program from fluorimetric
titration data.13 Processing of titration data by means of
Scatchard equation16,17 was used for calculation of ratio n
(bound 3,4]/[polynucleotide]) and binding constants (Ks)
for 3,4/polynucleotide complexes. Obtained values for Ks


and n all have satisfactory correlation coefficients
(>0.999). Thermal melting curves for DNA, RNA, and
their complexes with 3 were determined as previously
described by following the absorption change at 260 nm as
a function of temperature.24 Absorbance of 3 was
subtracted from every curve, and the absorbance scale
was normalised. Tm values are midpoints of the transition
curves, determined as maximum of the first derivative
plots and checked graphically by the tangent method.DTm
values were calculated subtracting Tm of the free nucleic
acid from Tm of the complex. Every DTm value here
reported was the average of at least twomeasurements; the
error in DTm is� 0.58C.

Antitumour activity assays


Materials for biological testing. The Dulbecco’s
modified Eagle medium (DMEM) with 10% foetal
bovine serum (FBS) and trypsin-EDTA were
purchased from Institute of Immunology Inc. (Zagreb,
Croatia);3-(4,5-dimethyl-2-thiazolyl-2H-tetrazoliumbro-
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mide (MTT) and dimethylsulfoxyde (DMSO) were
purchased from Merck (Darmstadt, Germany). Gluta-
mine, penicillin, streptomycin, and all others chemicals
were obtained from Sigma Chem. Co. (St. Louis, USA).


Cytotoxicity against human tumour cells. The
cytotoxic activities of bis-4,9-diazapyrenium analogues
3, 5, and 6 were investigated on human tumour cell lines.
Human cervical adenocarcinoma cells (HeLa), human
larynx carcinoma cells (HEp2), human colon carcinoma
cells (Caco2), poorly differentiated cells from lymph
node metastasis of colon carcinoma (SW-620), and
human pancreatic adenocarcinoma cells (MIAPaCa2)
were grown as a monolayer in tissue culture flasks
(250ml; BD Falcon, Germany) in DMEM with 10% FBS
supplemented with 2mM glutamine, 100U of penicillin
and 0.1mg streptomycin. Cells were cultured in a
humidified (95% air, 5% CO2) CO2 incubator (Shell
Lab, Sheldon Manufacturing, USA) at 378C. The trypan
blue dye exclusion method was used to assess cell
viability. Cytotoxic effects on the tumour cell growth
were determined using the MTT assay.25 In general,
compounds were dissolved in warm water and all
working dilutions (10�3–10�6M) were prepared immedi-
ately before each experiment. Tumour cells, 2� 104 cells/
ml, were plated onto 96-microwell plates (Costar,
Cambridge, USA) and allowed to attach overnight in
a CO2 incubator (Shell Lab, Sheldon Manufacturing,
USA). Twenty-four hours later, different concentrations
of investigated compounds into each well were added.
Controls were grown under the same conditions without
the addition of the test substances. After 72 h of
incubation, medium was removed and 40ml of MTT
(5mg/ml of phosphate buffered saline) was added. After
4 h of incubation, MTT-formazane crystals were dis-
solved in DMSO. The plates were transferred to an Elisa
plate reader (Stat fax 2100, Pharmacia Biotech, Uppsala
Sweden). Absorbance was measured at 570 nm. All
experiments were performed at least three times, with
three wells each.
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ABSTRACT: Hydrazide-based non-symmetric liquid crystal dimers were synthesized. The liquid crystalline proper-
ties were investigated by differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and powder
X-ray diffraction (XRD). These non-symmetric liquid crystal dimers are evidenced to display the monolayer smectic
C phase. The effects of the lateral intermolecular hydrogen bonding as well as the length of the terminal alkyl chains
and the spacers on the mesophase are discussed. Our studies reveal that intermolecular hydrogen bonding between the
hydrazide groups and microsegregation effect is the driving force for the formation of the monolayer smectic C
structure. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: liquid crystal dimers; intermolecular hydrogen bonding; smectic phase; microphase segregation; monolayer


INTRODUCTION


In recent years liquid crystal dimers1–3 (also known as
dimesogens), composed of either two identical (sym-
metric) or non-identical (non-symmetric) mesogenic
units connected via a flexible central spacer, have attrac-
ted attention not only because they are regarded as model
compounds for polymeric liquid crystals2,3 but also due to
their inherently interesting liquid crystalline properties.4,5


There are remarkable differences in the behavior of
non-symmetric and symmetric dimers. For the majority of
symmetric dimers containing terminal alkyl chains, a
simple empirical rule has emerged relating the occurrence
of smectic behavior to the molecular structure; specifi-
cally, if a symmetric dimer is to exhibit a smectic phase
then the terminal chain length must be greater than half
the spacer length.1–3,6 Symmetric dimers appear therefore
to have a strong tendency to exhibit monolayer smectic
phases which is due to the incompatibility between the
terminal alkyl chains and the spacers, leading to a
microphase separation into three regions: terminal chains,
mesogenic groups, and flexible alkyl spacers.3 In contrast,
non-symmetric liquid crystal dimers often exhibit
intercalated smectic phases, in which specific molecular


interactions between the two different mesogenic units
account for this specific phase behavior.1–3,7,8


It is well known that intermolecular hydrogen bonding
plays an important role in mesophase formation in the
hydrazide derivatives; for example, linear N,N0-bis
(4-alkoxybenzoyl)hydrazines exhibit a cubic phase,9–11


while monomeric, dimeric, and polymeric N,N0-bis
[3,4,5-tris(alkoxybenzoyl)]hydrazines form a columnar
phase.11,12 Recently, we have demonstrated that lateral
intermolecular hydrogen bonding was still interacting in
the SmA phase and played an important role in stabilizing
the mesophase of non-symmetric hydrazide derivatives.13


We have also demonstrated that lateral intermolecular
hydrogen bonding was the driving force for the
intercalated smectic phase in symmetric liquid crystal
dimers composing of hydrazide groups.14 If we introduce
lateral intermolecular hydrogen bonding into non-
symmetric liquid crystal dimers, along with the inter-
action between the identical mesogenic units in non-
symmetric dimers, do they still exhibit intercalated
smectic phases dimers? To investigate this, we have
designed a series of non-symmetric liquid crystal dimers
containing alkoxy benzoyl hydrazine and azobenzene
group as the mesogenic units (see Scheme 1), in which the
lateral intermolecular hydrogen bonding was expected to
increase the intermolecular interaction and both the
spacer and terminal chain length were varied with a view
to stabilizing different mesophases and understanding
structure property relationships.
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Here, we report the synthesis, phase behavior, and meso-
phase structures of 1-[4-(40-methoxyphenylazo) phenoxyl]-
m-[(N-(4-alkoxybenzoyl)-N0-(benzoyl-40-oxy) hydrazine)]
alkane (EmCn) (see Scheme 1).


EXPERIMENTAL


Synthesis


The target non-symmetric dimers, abbreviated as EmCn
(where m signifies the number of methylene units in the
spacer and n indicates the length of terminal alkoxy tail),
were synthesized through the route shown in Scheme 1.
4-{m-[4-(4-Methoxyphenylazo)phenoxy]alkoxy}benzoic
acid (Em) was first prepared as described in Ref. 15, the
target products were obtained through the reaction of
4-{m-[4-(4-methoxyphenylazo)phenoxy]alkoxy}benzoic
chloride and 4-alkoxy benzoyl hydrazine (Cn) in
tetrahydrofuran at room temperature using pyridine as
catalyst. The compounds E6C12 and E6C16 were
purified by recrystallization from DMF, and E3Cn,
E5C16 were purified by recrystallization from THF for
further 1H NMR measurements, FT-IR and elemental
analysis. (Because of the poor solubility, 1H NMR
measurement of E6Cn did not perform.)


1-[4-(4(-Methoxyphenylazo)phenoxyl]-3-[(N-(4-
methyloxybenzoyl)-N(-(benzoyl-4(-oxy)hydra-
zine)]propane (E3C1). 4-{3-[4-(4-Methoxyphenylazo)
phenoxy]propyloxy}benzoic acid (E3, 0.009mol) and
thionyl chloride (20ml) were refluxed for 5 h. 4-{3-
[4-(4-Methoxyphenylazo)phenoxy]propyloxy}benzoic
chloride was collected after removing the unreacted
thionyl chloride. Then, 4-{3-[4-(4-methoxyphenylazo)
phenoxy]propyloxy}benzoic chloride and 4-methoxy
benzoyl hydrazine (0.009mol) were dissolved in tetra-
hydrofuran (100ml), pyridine (5ml) was added, and the
resulting mixture was stirred at room temperature for 8 h.
The reaction mixture was poured into an excess of ice
water and the precipitate recrystallized from tetrahydro-
furan.


1H NMR (300MHz, DMSO) (ppm, from TMS): 2.25–
2.26 (m, 2H, —C—CH2—C—), 3.83–3.86 (d, 6H,
—Ar—O—CH3), 4.26–4.27 (m, 4H, —O—CH2—C—),


7.04–7.10 (m, 4H, Ar—H, m-to, —CON—), 7.11–7.17
(m, 4H, Ar—H, m-to, —N——N—), 7.83–7.86 (m, 4H,
Ar—H, o-to, —N——N—), 7.90–7.92 (m, 4H, Ar—H,
o-to, —CON—), 10.30 (s, 2H, —CO—NH—NH—
CO—).


FT-IR (KBr, pellet, cm�1): 3224, 2946, 2840, 1674,
1642, 1599, 1581, 1561, 1516, 1499, 1466, 1311, 1251,
1179, 1148, 1106, 1058, 1028, 841, 749.


Anal. calcd for C31H30N4O6: C, 67.14; N, 10.10; H,
5.45. Found: C, 66.80; N, 10.10; H, 5.45.


Using the same method, compounds E3C4, E3C6,
E3C12, E3C16, E5C16, E6C12, and E6C16 were
successfully synthesized and characterized. E3C4, Anal.
calcd for C34H36N4O6: C, 68.44; N, 9.39; H, 6.08. Found:
C, 68.55; N, 9.55; H, 6.19. E3C6, Anal. calcd for
C36H40N4O6: C, 69.21; N, 8.97; H, 6.45. Found: C, 68.87;
N, 8.80; H, 6.66. E3C12, Anal. calcd for C42H52N4O6: C,
71.16; N, 7.90; H, 7.39. Found: C, 70.80; N, 7.88; H, 7.64.
E3C16, Anal. calcd for C46H60N4O6: C, 72.22; N, 7.32;
H, 7.91. Found: C, 72.00; N, 7.41; H, 8.08. E5C16, Anal.
calcd for C48H64N4O6: C, 72.70; N, 7.06; H, 8.13. Found:
C, 72.60; N, 6.96; H, 8.21. E6C12, Anal. calcd
for C45H58N4O6: C, 71.97; N, 7.46; H, 7.78. Found: C,
71.84; N, 7.40; H, 7.85. E6C16, Anal. calcd for
C49H66N4O6: C, 72.92; N, 6.94; H, 8.24. Found: C,
73.08; N, 6.59; H, 8.43.


Characterization


1H NMR spectra were recorded with a Mercury-300BB
300MHz spectrometer, using DMSO-d6 as solvent and
tetramethylsilane (TMS) as an internal standard. FT-IR
spectra were recorded with a Perkin-Elmer spectrometer
(Spectrum One B), using KBr pellets. The thermal
properties of the compounds were investigated with a
Mettler-Toledo DSC821e instrument. The rate of heating
and cooling was 10 8Cmin�1, the weight of the sample
was about 2mg, and indium and zinc were used for
calibration. The peak maximum was taken as the phase
transition temperature. Optical textures were observed by
polarizing optical microscopy (POM) using a Leica
DMLP microscope equipped with a Leitz 350 heating
stage. X-ray diffraction (XRD) was carried out with a
Bruker Avance D8 X-ray diffractometer.


RESULTS AND DISCUSSION


Intermolecular hydrogen bonding in EmCn


We have demonstrated that the lateral intermolecular
hydrogen bonding was still interacting in the SmA phase
of hydrazide derivatives.13 In order to explore whether the
intermolecular hydrogen bonding exists in these liquid
crystal dimers, temperature-dependent FT-IR spectra
were performed. Take the compound E6C16, for
example, the presence of —NH stretching vibrations at


Scheme 1. The synthetic routes for EmCn
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3245 cm�1, intense absorption of amide I at 1675,
1653 cm�1 clearly indicated that almost all the —NH
groups are associated with —C——O groups via —N—
H. . .O——C— hydrogen bonding13 at room temperature.
The wavenumbers of —NH stretching vibration of
E6C16 are around 3245, 3265, and 3300 cm�1 (very
weak) in the crystalline state, SmC phase, and isotropic
phase, respectively, and in isotropic phase a strong sharp


peak around 3387 cm�1 was observed. The observed
—NH stretching vibration frequency at 3265 cm�1 in the
SmC phase and the increase of —NH stretching vibration
by ca. 122 cm�1 at the isotropic transition strongly
indicated the presence of the hydrogen bonding in the
SmC phase of E6C16. Fig. 1 shows the temperature
dependence of n (—NH) of E6C16. A sharp increase of n
(—NH) wavenumbers on going from liquid crystalline
phase to isotropic liquid was noticed.


Phase behavior


The phase behavior of EmCn was studied by polarized
optical microscopy (POM), differential scanning calori-
metry (DSC), and powder XRD. The compounds E6C12
and E6C16 show enantiotropic smectic C with schlieren
textures, as shown in Fig. 2a. The compounds E3C12,
E5C16, and E3C16 exhibit monotropic smectic C phase
in which schlieren coexistence with fan-like texture or
schlieren textures were observed (Fig. 2b), and the broken
fan-shaped texture (Fig. 2c), which on shearing gives a
schlieren texture. The compound E3C1 shows mono-
tropic nematic phase, its optical texture showed the high
mobility which flashes when subjected to mechanical
stress (Fig. 2d). However, no mesophase was observed for
E3C4 and E3C6.


Their transitional temperatures and associated enthal-
pies were summarized in Table 1. It can be seen that


Figure 1. The temperature dependent –NH stretching
vibrations of E6C16 on first cooling: Cr, SmC, and I indicate
crystalline state, smectic C phase, and isotropic state,
respectively


Figure 2. Polarizing optical photomicrograph of E6C16, E5C16, E3C1, and E3C16. (a) Schlieren texture of E6C16 at 188 8C
(200�); (b) schlieren textures of E5C16 at 157 8C (200�); (c) broken fan-shaped texture of E3C16 at 155.6 8C (400�);
(d) nematic texture of E3C1 at 168 8C (200�).
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length of the terminal alkyl chains plays an important role
in the formation of the mesophase. Compounds E3Cn
with long alkyl chain such as E3C12 and E3C16
exhibited monolayer SmC phase, whereas nematic phase
for E3C1 and non-mesomorphic for E3C4 and E3C6.
Both the melting and clearing points of E5C16 are much
lower than those of E6C16, which indicated the
characteristic odd–even effect in EmCn, as usually
observed in liquid crystal dimers.1,3


Mesophase structure of EmCn


In order to obtain further information on molecular
arrangements in their mesophase, variable temperature
XRD was performed on EmCn. A characteristic pattern
of the nematic phase was observed in the mesophase of
E3C1. The XRD pattern of E6C16 in the smectic phase
contains two sharp peaks in the low-angle region
implying the formation of a layered structure, and a
broad diffuse peak in the wide-angle region centered at a
spacing of 4.6 Å, indicating liquid-like arrangement of the
molecules within the layers, as shown in Fig. 3. The layer
spacing (d) is 50.42 Å, which is a little bit smaller than the
estimated all-trans molecular length (l) of the most
extended conformation of 56.56 Å, considering its


schlieren texture, indicating that the molecules of
E6C16 are arranged in a monolayer with the molecular
long axis tilted with respect to the layer normal (SmC). So
we can propose that the molecules should have the
ordering with alternating orientations of the mesogens, as
shown in Fig. 4, in which the azobenzene part can be
considered more or less as a part of one of the tails, while
the hydrazide-containing segment as the rigid core that is
quite close to the center of the molecules. Moreover, this
packing model is in favor of formation of intermolecular
hydrogen bonding between the hydrazide-containing
groups, which was confirmed through variable tempera-
ture FT-IR experiments. Similar molecular arrangements
were observed for compounds E3C16, E3C12, E5C16,
and E6C12 in their SmC phase; data for d, l, and d/l ratios
are collected in Table 2.


An intercalated smectic phase has generally been
observed in non-symmetric liquid crystal dimers, and it is
accepted that special interaction between the different


Table 1. Transition temperatures (8C) and enthalpies (kJmol�1, in parentheses) of EmCn


Compound First cooling Second heating


E3C1 I 181 (1.2) N 151 (39.7) Cr Cr 196 (52.2) I
E3C4 I 172 (47.6) Cr 93 (0.5) Cr Cr 186 (47.7) I
E3C6 I 173 (51.1) Cr Cr 187 (55.1) I
E3C12 I 175 (6.8) SmC 153 (39.5) Cr Cr 174 (2.4) Cr 183 (50.7) I
E3C16 I 168 (5.26) SmC 151 (30.7) Cr 134 (2.2) Cr 106 (4.74) Cr Cr 109 (5.3) Cr 176 (34.7) I
E5C16 I 169 (8.4) SmC 147 (36.9) Cr 116 (1.2) Cr Cr 119 (1.0) Cr 141 (20.0) Cr 170 (47.7) I
E6C16 I 199 (14.6) SmC 177 (42.7) Cr 156 (16.7) Cr Cr 188 (74.6) SmC 201(14.1) I
E6C12 I 195 (13.3) SmC 172 (39.3) Cr Cr 183 (42.7) SmC 196 (12.6) I


Cr, SmC, and I indicate crystalline state, smectic C phase, and isotropic liquid, respectively.
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Figure 3. X-ray diffraction (XRD) pattern of E6C16 at
190 8C


Figure 4. A sketch of the monolayer smectic C of E6C16
(the dashed lines indicate the lateral hydrogen bonding
between mesogens, ellipse and filled ellipse represent differ-
ent mesogenic groups)
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mesogenic moieties is responsible for the specific
structure.1–3 It is true that long terminal alkyl chains
will cause microphase segregation in EmCn and thus
favor the formation of layer structure, while the onset of
lateral hydrogen bonding between hydrazide groups
facilitate tilting of the mesogenic groups as well as
monolayer arrangement. Thus, the monolayer SmC phase
of EmCn with long terminal chains was due to the
combined effect of microphase segregation and the lateral
hydrogen bond. Especially, in the present non-symmetric
dimers, lateral hydrogen bond between the same kinds of
mesogenic groups plays an important role for the
formation of monolayer structure, which has been
demonstrated to be the driving force for the intercalated
smectic phase in symmetric liquid crystal dimers
composing of hydrazide groups as reported previously
by us.14 The present results showed that it was possible to
fine-tune the molecular arrangement through introducing
specific lateral intermolecular interactions and control-
ling the balance among different interactions.


CONCLUSION


In the present study, we have introduced intermolecular
hydrogen bonding into non-symmetric liquid crystal
dimers, by choosing the hydrazide group in themesogenic
units; and monolayer smectic C phases in these non-
symmetric dimers were observed. The lateral hydrogen
bonding between the hydrazide groups and microsegre-
gation effect was the driving force for the formation of the
monolayer smectic C structure. The lengths of terminal


alkyl chains also play key roles in the formation of the
stable smectic phase.
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Table 2. Summary of XRD results for EmCn in their meso-
phases


Compounds
Molecular
lengtha l (Å) T (8C)


Layer
spacing d (Å) d/l


E6C16 56.56 190 50.42 0.89
E6C12 51.95 190 46.14 0.89
E3C12 48.35 160 38.05 0.79
E3C16 53.39 160 43.23 0.82
E5C16 55.83 160 44.57 0.80


aMolecular length was calculated by MM2.
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Monastir, Tunisia
2Laboratoire Interfaces, Traitements, Organisation et Dynamique des Systèmes, CNRS UMR 7086, Université Paris 7 – Denis Diderot, 1 rue
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ABSTRACT: b-Cyclodextrin (b-CD) is used as the host molecule to study the inclusion of a series of bent [bisphenol
A (BPA) and fluorinated bisphenol A (FBPA)] or linear [biphenol (BIP) and isopropylphenol (IPP)] phenol derivatives.
Experimental and theoretical investigations reveal that the complexes with the bent BPA and FBPA molecules are
more stable than those with the linear IPP and BIP molecules. This stability difference is attributed to differences in the
geometries which, in the case of bent molecules, seems to prevent the unthreading of the guest. The optimized
geometry of the BIP/b-CD complex shows a particularly strong deviation of the principal axis of BIP from the vertical
symmetry axis (C7) of b-CD. For bent molecules, the same sort of deviation is due to the second aromatic residue,
which is outside the cavity, approaching the wider rim of the b-CD, probably because of van der Waals interactions. In
the FBPA/b-CD system, experimental results (19F NMR) and DFT (MPWB1K//AM1) calculations demonstrate a
different complexation mode from that of the three other systems, with high interaction energy, the phenol residues are
located outside the b-CD cavity but fluorinated alkyls are inside. This agreement indicates that MPWB1K/6-31G(d)
single point calculation based on AM1 geometries is a useful predictive tool for such series, even for systems as large
as ours. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: b-cyclodextrin; bisphenol A; host–guest inclusion compounds; AM1; DFT

INTRODUCTION


Over the past two decades, a major research interest in the
field of supramolecular chemistry has been the design and
synthesis of structures using the molecular recognition of
small guest molecules by large hosts.1 Non-covalent
intermolecular interactions are used to synthesize supra-
molecular assemblies such as rotaxanes, polyrotaxanes,
and catenanes.2–4 A variety of macrocyclic host
molecules are able to form inclusion complexes with
organic compounds. So far, among these host molecules,
cyclodextrins are the most popular and have been
employed to form inclusion complexes with a variety
of organic compounds in water. Hydrophobic forces are
mainly responsible for driving a guest into the cavity.5


Depending on the nature and the size of guest, several
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types of host–guest complexes between these organic
guests and cyclodextrins with 1/1, 1/2, 2/1, and 2/2
stoichiometries have been observed,5–7 and many com-
plexes have been used in applications such as pharma-
ceutics,8,9 biomimetic chemistry,10 catalysis,11 and che-
mical analysis.12


Bisphenol A (BPA) is an important industrial
intermediate very widely used to manufacture polycar-
bonate,13 polyethers,14 polyesters,15 epoxy resins and
coatings,16 polysulfones,17 and other useful products.
Since it is slightly toxic to fish and invertebrate species18,
its concentration in the environment is regularly surveyed
and, therefore, new analysis techniques for BPA traces
have been proposed. Kitano et al. studied the inclusion of
bisphenol derivatives with several b-cyclodextrins using
2-anilinonaphthalene-6-sulfonic acid as probe,19 as well
as the inclusion of bisphenols in self-assembled mono-
layers of thiolated b-cyclodextrin (b-CD) on a gold
electrode.20 Del Olmo et al.21 proposed the use of b-CD
inclusion complexes to analyze BPA residues in water by
spectrofluorimetric measurements. They reported a
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complex of 1/1 stoichiometry between BPA and b-CD,
with a high association constant, but no explanation was
proposed concerning the origin of this high value as
compared to results on other aromatic compounds with
b-CD. In a study of cyclodextrin complexation by pairs
with or without a phenolic hydroxyl group,22 it was
reported that additional hydrogen bond formation does
not necessarily lead to enhanced stability of the com-
plexes, due to the compensation between the enthalpic
and entropic terms.23 Consequently, the origin of the
stability of BPA phenol derivative is still under dis-
cussion. In this work, we aim to investigate by spectro-
fluorimetry and 1H NMR spectroscopy the formation, the
stoichiometry, and the stability of inclusion complexes
formed in aqueous solution between b-CD and four
phenol derivatives: 4,40-isopropylidenediphenol (BPA),
4,40-(hexafluoroisopropylidene)diphenol (FBPA), IPP,
and BIP. The stability of the complexes was studied
with respect to two parameters (i) the molecular
geometry, for which reason two bent molecules (BPA
and FBPA) and two linear ones (IPP and BIP) were
investigated, (ii) the presence of alkyl and phenol
moieties; hence three molecules with alkyl side-chains
were investigated: BPA, FBPA, and IPP.


The use of molecular modeling techniques for the study
and investigation of the properties and 3D structures of
such complexes has dramatically increased in recent
years.24,25 The combination of experimental and com-
putational studies has been recognized as a powerful tool
for the study of their geometries.26 A molecular modeling
study of complexation of benzoic acid and phenol with
CDs using the AM1 method was reported by Ming-Ju
Huang et al.27 They show that the phenol hydroxyl group
prefers to face the wider rim in the b-CD complex. We
report here the results of semi-empirical molecular orbital
calculations (in the gas phase and in the presence of
solvent) performed by the AM1 method to investigate the
formation of inclusion complexes between these phenol
derivatives as guests and b-CD. Additionally, we analyze
theoretical 1H NMR chemical shifts for this phenol series
at the Density Functional Theory (DFT) level.

Figure 1. Excitation (lexc¼ 276 nm) and emission
(lemis¼305 nm) curves of saturated aqueous BPA
(10�5 M) solution at various b-CD concentrations (from 0
to 2 10�3 M)

RESULTS AND DISCUSSION


Spectrofluorimetry measurements


All phenols have strong absorption and emission bands in
the UV-visible region; therefore, their interactions with
b-CD can be studied without adding any chromophoric
dyes.28 The Benesi–Hildebrand method29 was used to
determine the stoichiometry and the association constants
from fluorimetric measurements of the guest/b-CD
systems. In all the systems, for 1/(I�I0) versus 1/
[b-CD], there are good linear correlations but not for 1/
(I�I0) versus 1/[b-CD]2. This indicates that only species

Copyright # 2007 John Wiley & Sons, Ltd.

of 1/1 stoichiometry are obtained, despite the high
[guest]/[b-CD] ratios used.


In the case of the BPA/b-CD system, used by Del Olmo
et al.,21 the highest [BPA]/[b-CD] ratio was 0.83, whereas
we started our experiments using a high concentration
ratio: [BPA]/[b-CD]¼ 20 corresponding to a low b-CD
concentration of 5 10�7 M. Even under these conditions,
the fluorescence of BPA increases (Fig. 1), indicating a
great affinity between BPA and b-CD. In this case, the
binding constant at 25 8C is the same as that reported by
Del Olmo et al.21 This value is high for complexes based
on non-covalent interactions.30–32


A great affinity is also observed in the FBPA/b-CD
system. Indeed, at low concentration of [b-CD]¼ 5�
10�7 M, there is a fluorescence increase (not shown). The
binding constants K obtained by fluorimetric measure-
ments at 25 and 35 8C for BPA/b-CD and FBPA/b-CD
systems are given in Table 1 with the corresponding
calculated thermodynamic data (DG 8, DH 8, and DS 8). In
the same Table 1 are listed the corresponding values for
BIP/b-CD and IPP/b-CD obtained under the same
experimental conditions. For these last two systems,
the fluorescence emission of mixed solutions is practi-
cally constant up to a guest/b-CD ratio of 1, and increases
for higher ratios.


Guest þ b-CD Ð
k1


k�1


Guest=b-CD (1)


The formation of inclusion complexes between the
phenol derivatives and b-CD is favored in aqueous
medium since the free energy variation is exergonic in all
systems, as shown in Table 1. The stability constants of
the two bent bisphenol (BPA and FBPA)/b-CD systems
are higher than those for the complexes of linear guest
(BIP, IPP)/b-CD systems. The stability constant K is the
ratio between the threading rate constant k1 and the
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Table 1. Thermodynamic data for the equilibrium of b-CD with the various guests at 25 and 35 8C in aqueous medium


Guest


BPA FBPA BIP IPP


T8C 25 35 25 35 25 35 25 35


10�3K (M�1) 80� 12 61� 10 30� 8 8.0� 0.5 3.7� 0.6 2.9� 0.8 1.7� 0.7 1.3� 0.4
DG 8 (kJ mol�1) �28.0� 0.4 �28.2� 0.4 �25.6� 0.7 �23.0� 0.2 �20.3� 0.4 �20.4� 0.7 �18.4� 1.2 �18.5� 0.9
DH 8 (kJ mol�1) �20.7 �100.1 �19.8 �16.6
DS 8 (J mol�1 K�1) 24.4 �250.5 2.2 6.0
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dethreading rate constant k�1 in equilibrium (1), K¼ k1/
k�1. This ratio which indicates that the threading process
is more rapid than the dethreading one in all the systems
(K> 1), is greater for both bent molecules (BPA and
FBPA) than for the linear ones (BIP and IPP). This can be
explained by a more difficult dethreading process for bent
molecules against threading one, whereas this is the less
frequent case in linear molecules since this ratio is not as
high as for bent molecules.


For three systems BPA/b-CD, BIP/b-CD, and IPP/
b-CD, the reaction enthalpies show comparable values
(DH 8 varies from �17 to �21 kJ mol�1). The more
exothermic values (more negative by about 4 kJ mol�1)
for BPA and BIP may be explained by the existence of
two hydrogen-binding sites in BPA and BIP as compared
to the IPP molecule, in which only one hydroxyl group is
available.22 Moreover, the entropic contribution
originates from breaking of the solvent shell (a favorable
entropy term) and from the binding process (unfavorable
entropy term).33 In these three systems (BPA/b-CD, BIP/
b-CD, and IPP/b-CD), the entropic compensation is
slightly favorable, and indicates that a gain in disrupting
the solvent shell is sufficient to offset the entropy loss
resulting from binding.


However, the FBPA/b-CD system shows markedly
different behavior in the DS 8 and DH 8 values. Indeed, the
entropic contribution in the FBPA/b-CD system is very
negative, indicating that the entropy loss is large. The
hydrophobicity of the FBPA molecule, which is greater
than that of the three other phenol derivatives,34,35


markedly disrupts the solvent sphere around free FBPA,
whereas the formation of the complex leads to a better
organization of the solvent shell. Concomitantly, a more

Table 2. Experimental and calculated 1H NMR chemical shifts dH (p
the presence of b-CD in D2O


BPA FBPA


Ha Hb CH3 Ha


Free guest
dH exptl 6.82 7.20 1.61 6.90
dH calc 5.93 6.62 5.75
dH guest/b-CD 6.77 7.16 1.70 6.89


Copyright # 2007 John Wiley & Sons, Ltd.

exothermic enthalpy term (about four times higher than
that of the other three systems) is obtained, arising from
the stronger hydrophobic interaction resulting from the
threading of the hydrophobic FBPA inside the b-CD
cavity.36

1H NMR measurements on phenol derivatives


In order to assign unambiguously the 1H NMR signals and
to detect the interaction site of the aromatic ring in the
phenol derivatives, chemical shifts were calculated for
each of the aromatic protons. The calculated 1H NMR
chemical shifts (d1


H) for the various phenols are listed in
Table 2. The experimental values are obtained in solution,
whereas the molecule is assumed to be isolated in the
calculations. Nevertheless, the shifts of the Ha, Hb,
and CH3 protons are in the range of the appropriate
experimental values. Note that the shifts of the ortho and
meta protons of the phenyl groups were averaged out,
assuming rapid rotation around the C—O axis in each
case. Clearly, the results indicate that the most upfield
hydrogens are the Ha atoms and the most downfield ones
are the Hb atoms.


Except for FBPA, some tendencies appear clearly in the
other systems: the 1H NMR signals of the aromatic
protons of free guests (Ha and Hb in Scheme 1)
in D2O appear as two sharp doublets (not shown). When
the b-CD concentration increases, the Ha and Hb signals
are slightly shifted upfield (Table 2) and become broader
especially in the case of BPA and IPP, indicating
formation of inclusion complexes in fast exchange with
free b-CD. In contrast, in the FBPA/b-CD system, no

pm) of the aromatic part of the free phenol derivatives and in


BIP IPP


Hb Ha Hb Ha Hb CH3


7.33 6.98 7.53 6.85 7.22 1.18
6.54 6.05 6.75 5.96 6.58
7.33 6.97 7.41 6.79 7.12 1.24
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aromatic proton signal is changed (Table 2), indicating
that they do not interact with b-CD. For the two guests
IPP and BPA, the CH3 protons are shifted downfield,
indicating the involvement of the CH3 moieties inside the
b-CD cavity (Table 2).

1H NMR measurements on cyclodextrin


The 1H NMR signals of b-CD without guest and in the
presence of the different phenol derivatives are presented
in Fig. 2 on the same scale, in order to display the
influence of the guest on the cyclodextrin protons.
Generally, there are three groups of protons which are
involved in host–guest inclusion compounds based on
b-CD.37


The H3 and H5 protons located in the cavity of b-CD
(Scheme 1) are shifted upfield in all the systems. This was
taken as evidence for complex formation,38 giving strong
indications of the insertion of these guests into the b-CD
cavity (Scheme 2). However, the H3 proton in the case of
the FBPA/b-CD system is more shifted than that in the
other three systems. Probably, this proton is influenced by
aromatic and non-aromatic groups; this indicates that the
interaction of the first three guests (BIP, BPA, and IPP)
involves the inner cavity more than does FBPA, and that
FBPA interacts with b-CD from its wider rim. Moreover,
the two H6,60 protons located in the narrower rim of the

Copyright # 2007 John Wiley & Sons, Ltd.

b-CD molecule are generally shifted when inclusion
concerns this rim or when the guest is deeply inserted into
the cavity. In our case, these two protons are affected in
BIP/b-CD, BPA/b-CD, and IPP/b-CD systems, but are
unchanged in the FBPA/b-CD complex. This again
indicates that the inclusion of all the guests is deep and
involves the narrower rim, except for FBPA, where it
seems that inclusion is not deep and that the interaction
occurs far from these protons. The H2 and H4 protons,
which are located outside the cyclodextrin cavity, are only
shifted in the BPA/b-CD and FBPA/b-CD systems,
especially in the latter. This seems to indicate that the
interaction between FBPA and b-CD occurs more outside
the cavity than inside it (cf. H2 and H4 proton signals), and
appears to be quite different from that of the other three
guests (Scheme 2).


In addition, 1D-ROESY experiments were performed
to obtain more detailed information on the molecular
geometry of these complexes.39 Aromatic protons or
methyl groups were selectively excited and the response
of the various b-CD protons observed. Table 3 lists the
ROE enhancements, and Fig. 3 depicts the 1D-ROESY
spectrum of BPA.


For the IPP/b-CD complex, selective excitation of Ha


and Hb produced ROE signals for all the protons inside
the cavity; no ROE was observed for H2 and H4. This
indicated that IPP is completely included in the cavity.
The relatively large ROE values observed for H3, after
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selective excitation of CH3, indicate that the phenol
moiety of IPP is near the narrower rim and that the methyl
groups are near the wider one (Table 3).


In the case of the BPA/b-CD complex, the ROE
response was very similar for the aromatic proton
pairs Ha, Hb with H5, H3 (5.2; 5.9% for Ha and 5.3;
4.1% for Hb); the ROE value for H6,60


and Ha shows that
BPA is deeply inserted. The selective excitation of CH3


gave enhancement exclusively on H3. No ROE signal was
observed between H6,60


and CH3 (Table 3, Fig. 3). These
results show that complexation occurs through the
inclusion of the phenyl moiety in the hydrophobic cavity
of b-CD and that the molecule enters the cavity very
deeply and from the wider rim.


For the BIP/b-CD complex, selective excitation of Ha


and Hb produced ROE signals for all the protons inside
the cavity and also with H6,60


; no ROE was observed
for H2 and H4. This result shows that BIP is deeply
included in the cavity (Table 3).


For the FBPA system, selective excitation of Ha and Hb


produced ROE for H3, H2, and H4. The larger ROE values
observed for H4 indicate that Ha is located outside the
cavity nearer to H4 than to H3. No ROE was observed
for H5 and H6,60


. The average distance between Ha and the
protons H2 and H4 should be larger than that between Hb

Copyright # 2007 John Wiley & Sons, Ltd.

and the same proton because their ROE values are about
six times larger.


To investigate the nature and the location of the
interaction between b-CD and FBPA, we studied the
19F NMR signal of free FBPA and FBPA in the presence
of increasing concentrations of b-CD (Fig. 4).


The spectra show that there are no separate resonances
for the fluoromethylene group of FBPA in the free and
included states for the two ratios,40,41 and indicates that
exchange between the environments is fast on the NMR
time scale, according to Eqn (1).


Some broadening of the fluoromethylene group signal
of FBPA is observed in the presence of b-CD. For a 1/1
ratio of FBPA/b-CD, the width at half-height is greater
(42.4 Hz) than that of free FBPA (5 Hz). This signal
represents the superposition of the spectrum of bonded
and free FBPA species. However, for a 1/6 ratio, the width
at half-height is 29.3 Hz, indicating that the equilibrium is
displaced towards the complex, resulting in fewer free
molecules.11 Alderfer et al.42 in the study of the inclusion
of 4-fluorophenol in the cavity of a-CD in aqueous
solution, reported that the hydrophilic OH of the phenol is
outside the hydrophobic cyclodextrin cavity, while the
fluorine atom is located inside, and that complexation is
mainly driven by dispersive and hydrophobic inter-
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actions. In our case, the chemical shift of the
fluoromethylene group of FBPA goes downfield when
b-CD is added. This suggests that the inclusion of this
group in the cavity is favored by hydrophobic interactions
between fluoromethylene and b-CD (Scheme 2).

Molecular orbital modeling studies of the
guest/b-CD complexes


Since the b-CD structure exhibits some flexibility43 and
among the various possible geometries, two different
conformations of b-CD (labeled as gg, tg) were chosen to

Table 3. ROE enhancements (%) obtained on selective excitation


BPA FBPA


Ha Hb CH3 Ha Hb


H3 5.2 5.3 11.5 4.7 2.9
H5 5.9 4.1 2.9 — —
H6,60 0.5 — — — —
H2 — — 1.1 3.5 0.4
H4 — — 1.2 6.8 1.1


Copyright # 2007 John Wiley & Sons, Ltd.

model the complex (Scheme 1). Our primary purpose is to
explore how complexation properties can be modulated
by the host conformation. The values of the intergluco-
pyranose bonds and torsion angles involving the
C(4)—O(4)—C(10) reflect the macrocyclic confor-
mations. The gg and tg conformations show a regular
conformation of the glucopyranosyl rings, that is, with C7


symmetry. The gg and tg conformations differ mainly in
the O(6)—C(6)—C(5)—O(5) dihedral angle which
reflects the conformation of the C(5)—C(6) bond in
glycopyranose residues. In the gg conformation, this
dihedral angle is �81 8 with the O—H bond oriented
parallel to the glucopyranose ring and directed toward the

of aromatic protons or methyl groups of different complexes


IPP BIP


Ha Hb CH3 Ha Hb


1.3 1.5 2.7 1.1 1.6
2.3 2.5 0.8 1.5 2.3
0.8 0.6 0.2 0.6 0.8
— — — — —
— — — — —


J. Phys. Org. Chem. 2007; 20: 30–43


DOI: 10.1002/poc







ppm (t1)
2.03.04.05.06.07.0


(a) 


(b) 


(c)


(d)


 Hb      Ha
H6,6’; H3; H2, 4; H5 CH3


Figure 3. NMR (500 MHz) spectra for 1D-ROESY experiments on the BPA/b-CD complex: (a) base spectrum; (b) selective
excitation of Ha; (c) selective excitation of Hb; (d) selective excitation of CH3


36 S. CHELLI ET AL.

O(5) of the adjacent glucose residue (Scheme 1). The
O(50) . . .H—O(6) and O(50). . .O(6) distances are 2.21
and 3.10 Å, respectively, suitable for hydrogen bond
formation. In the tg conformation, the O(6)—
C(6)—C(5)—O(5) angle is 106 8 and the O(6)—C(6)
bond is directed towards the inside of the cavity. In this
conformation, the O(6)—H bond is directed toward the
O(60) of the adjacent glucopyranose residue. The

(a)


(b)


(c)


ppm (t1)
-64.00-63.50


29.3 Hz


Figure 4. Effect of b-CD on the 19F NMR (282.35 MHz) spectra of
and (c) FBPA/b-CD: 1/6
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O(60) . . .H—O(6) and O(6) . . .O(60) distances are 2.16
and 3.10 Å, respectively. Another type of hydrogen bond
occurs in this conformation and involves the H(6) and
O(60) atoms (H(6) . . .O(60)¼ 2.23 Å). Calculations
indicate that the gg conformation, which is found to be
the more stable in solution, is not the most stable in the
gas phase, whereas the tg conformation is more favorable
in the gas phase. However, the solvent effect strongly

-64.50


42.4 Hz


5.0 Hz


FBPA in D2O at 25 8C: (a) without b-CD, (b) FBPA/b-CD: 1/1,
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stabilizes the gg conformation of b-CD, since many
hydrogen-bonding interactions with the solvent can occur
with the primary OH groups oriented towards the exterior
of the cavity. To estimate the solvent effect on the relative
energies of both conformer, we performed, therefore, the
enthalpies of solvation are �385 and �310 kJ mol�1 for
the gg and the tg conformers, respectively (MPWB1K/
6-31G(d) single-point calculations using the COSMO
solvation model).


The initial geometries of guest/b-CD complexes are
constructed by bringing the guest up to the cavity. For the
BPA/b-CD and FBPA/b-CD complexes, a preliminary
study was undertaken on the host to ensure that the most
stable conformation was taken to construct the complex.
Among all possible conformations (defined by the torsion
angles f1 and f2 between the plane defined by the
C—C(CH3)2—C angle and those of the aromatic rings;
see some particular conformations in Scheme 3), the C2


conformation was found to be the most stable at the AM1
and B3LYP/6-31G(d) levels of calculation.


Two orientations of the guest were considered. In the
first orientation, named ‘head-first,’ an aromatic ring is
introduced into the cavity leaving the alkyl groups
outside. The second orientation, ‘tail-first,’ involves
the inclusion of the methyl groups in the cavity leaving
the phenol groups more or less outside (Scheme 2). The
energy change associated with complexation can be
expressed using the following Eqn (2). The interac-
tion energy (DE11) is defined as the difference between
the energy of the complex (when the guest is inside the
cavity) and the sum of the energies of the isolated host and
guest.


DE11 ¼ Ecomplex � Eguest � Eb-CD (2)


where Ecomplex, Eguest, and Eb-CD are the total energies of
the 1/1 complex, of the free guest, and of the free host
(b-CD), respectively. It should be kept in mind that the

OHHO


CH3H3C


HO


CH3H3C


OH


HO


CH3H3C


OH


OHHO


CH3H3C


φ1=φ2=0°
C2V conformation


φ1=0°, φ2=90°
T conformation


φ1=φ2=90°


φ1=φ2
0°<φ1<90°, 0°<φ2<90°
C2 conformation


φ1 φ2


[0] [7.9]


[13.7] [59.9]


CS conformation


Scheme 3. Possible conformations with different sym-
metries of BPA. Relative energies (in kJ mol�1 and calculated
at the B3LYP/6-31G(d) level of calculation) of the conformer
are given in brackets
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calculated values of interaction energies cannot be
directly compared with the experimental data obtained
in aqueous solution. Our calculations are performed on
molecules in the gas phase, without thermal correction of
the energy and entropy. However, the calculations can
reflect the stabilization forces established in the cavity
after inclusion, which contribute to the total formation
enthalpy, DHf 8, of the complex. Although the formation
enthalpies can be easily calculated by semi-empirical
methods, such thermodynamic parameters are not directly
accessible by ab initio or DFT calculations. The
thermodynamic data require much more effort at the
Hartree–Fock or DFT levels. Therefore, we use the
interaction energies to quantify the interaction between
guest and host in the optimized geometries.

Interaction energies


Table 4 contains the interaction energies, DE11, of the
inclusion complexes of BPA, FBPA, BIP, and IPP with
b-CD in the ‘head-first’ and ‘tail-first’ orientations of the
guest (Scheme 2). Two sets of interaction energies, DE11,
are reported in Table 4 corresponding to the gg and tg
conformations (Scheme 1).


AM1 calculation. In Table 4, AM1 results reveal that
the energies of the complexes are consistently lower than
the sum of the energies of the corresponding isolated host
and guest, and the interaction energies range from S8.2 to
S24.5 kJ molS1. However, the interaction between host
and guest in the complex strongly depends on the
conformation of the host. When b-CD is in the gg
conformation, a marked preference for the inclusion of
the guest in the ‘tail-first’ orientation is found, and in
vacuum, the interaction energies are in the order
FBPA�BPA< IPP. The tg conformation shows an
opposite preference for the guest orientation, since the
calculations suggest that the more stable structure is
obtained when the phenol group is included in the
hydrophobic cavity (‘head-first’) and the interaction
energies are found in the order FBPA<BIP�BPA< IPP.
Beyond the preference for the ‘head-first’ orientation, the
tg conformation allows to obtain complexes having a
stronger interaction, and the interaction energies with the
tg conformation are more than 5 kJ molS1 lower than with
gg. Probably the deeper penetration of the guest into the
cavity (see optimized geometries in the next section) in
the tg conformation makes it possible to establish a larger
number of van der Waals interactions. Whatever the
orientation of the host with respect to the cavity, the
results indicate that bent guests interact more strongly
than linear ones when b-CD is in the gg conformation,
that is, the most stable conformation in solution, and the
overall order of interaction energies is FBPA�B-
BPA<BIP< IPP which is in good agreement with the
experimental findings.

J. Phys. Org. Chem. 2007; 20: 30–43


DOI: 10.1002/poc







Table 4. Interaction energies (DE11 in kJ mol�1) of the 1/1 complexes in two orientations


BPA FBPA BIP IPP


Head-first Tail-first Head-first Tail-first Head-first Head-first Tail-first


Gas phase
AM1


DE11(gg) �11.4 �20.3 �9.5 �20.4 �8.2 �12.1 �13.1
DE11(tg) �21.4 �19.0 �24.5 �16.2 �22.9 �17.9 �16.0


MPWB1K//AM1
DE11(gg) �41.4 �45.8 �34.9 �57.0 �28.2 �28.9 7.5
DE11(tg) �46.2 �57.6 �41.1 �68.5 �36.7 �34.2 �42.5


Water
MPWB1K//AM1


DE11(gg) �13.3 �23.6 �6.6 �29.5 6.5 �3.8 12.4
DE11(tg) �13.1 �34.4 �10.5 �38.0 �13.7 �8.8 �25.8
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DFT calculation. The interaction energies calculated
with the meta hybrid functional MPWB1K are signifi-
cantly more negative than the AM1 values. As the
functional MPWB1K allows a better description of the
non-bonded interactions and especially weak inter-
actions, this result strongly suggests that the complexa-
tion process is driven by weak interactions such as
dispersive forces.44 Considering the most stable gg
conformation in solution for better comparison with
experimental results, DFT calculations indicate an order
of interaction energies (FBPA<BPA<BIP� IPP) which
is in agreement with experimental results. Interestingly,
addition of a phenolic substituent to IPP leads to the
highest interaction energies with b-CD. This result
indicates that the phenolic group of BPA which is not
included in the cavity nevertheless plays a specific
stabilizing role in the complexation process.


The FBPA/b-CD system is somewhat surprising in that
the interaction energy increases markedly when electron
correlation (through MPWB1K/6-31G(d) calculations) is
taken into account (DE11¼S57.0 and S68.5 kJ molS1


for the complex with b-CD in the gg and tg conformation,
respectively). Furthermore, the interaction energy result-
ing from the ‘tail-first’ orientation is considerably smaller
than for the ‘head-first’ orientation. This result strongly
suggests that the mode of inclusion is somewhat different
from that of the other guests and that the inclusion of
FBPA most probably involves the threading of the alkyl
group rather than the OH group, as concluded from the
NMR experiments.


Solvent effects. In order to check the role of the
solvent, which is known to have very large effects on
complex formation and energy variation, we represented
the solvent by the continuum model (COSMO model).
The resulting interaction energies increase markedly and
become positive in some cases. The results confirm,
however, the order of interaction energies found in the gas
phase. However, the results in solution can be considered
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as indicative and show some tendencies, even if solvent
reorganization involved in the solvation process is not
considered in the model: bent molecules interact more
strongly with b-CD than linear ones, while for FBPA/
b-CD system, the ‘tail-first’ is the more stable orientation.
Furthermore, the failure of the continuum solvation
model in the study of supramolecular systems has been
mentioned recently,45 suggesting that an explicit
solvation model should be used in combination with
the continuum model to obtain quantitative results.

Optimized geometries of the complexes


The optimized geometries of the complexes are displayed
in Fig. 5 for BPA/b-CD, FBPA/b-CD, and IPP/b-CD and
in Fig. 6 for BIP/b-CD. The depth of inclusion of the guest
in the host cavity can be defined as the distance separating
the barycenter of the cyclodextrin (this point almost
coincides with the barycenter of the seven glycosidic
oxygen atoms) and the para carbon of the phenol group
located inside the cavity. The measured distances in the
14 possible complex structures are presented in Table 5
(taking into account the gg and tg conformations of b-CD,
as well as the ‘head-first’ and ‘tail-first’ inclusions of the
guest in the cavity). The geometry of the complex
depends on the nature of the guest and, if we consider first
the ‘head-first’ orientation, the depth of inclusion ranges
from 1.55 to 2.88 Å. This indicates partial inclusion of the
phenolic group in the cavity (the half height of b-CD is
about 3 Å). Except for IPP, the guest is found to be
inserted more deeply into the cavity when b-CD adopts
the tg rather than the gg conformation. This result can be
explained by the change in the shape of b-CD when the
intramolecular hydrogen bonds between primary
hydroxyl groups are established. Indeed, in this confor-
mation the cone shape is more pronounced and the
diameter of the wider rim increases, which allows deeper
penetration. In this respect, the effect of the b-CD
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Figure 5. Optimized structure of guest/b-CD inclusion complexes (AM1 calculations). For the complexes involving BPA, FBPA,
and IPP compounds, the ‘head-first’ and ‘tail-first’ complexes are displayed on the left and right, respectively


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 30–43


DOI: 10.1002/poc


HOST–GUEST COMPLEXES OF PHENOL DERIVATIVES 39







Figure 6. Optimized structure of BIP/b-CD inclusion complexes (AM1 calculations)
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conformation is particularly spectacular when BIP is
included in the cavity, since the distance of inclusion
decreases from 2.88 to 1.81 Å. It should be also noted that
the direction of approach of BIP strongly deviates from
the vertical symmetry (C7) axis of the b-CD, which
suggests attractive interactions between the aromatic
rings of BIP and both the hydrophobic cavity and the
wider rim of b-CD. For BPA, FBPA, and IPP in the
‘head-first’ orientation, the phenolic group is almost
aligned with the vertical axis of b-CD, and close contact
with cyclodextrin involves the methyl or CF3 groups.

CONCLUSIONS


From a general point of view, the present experimental
and theoretical investigation provides a comprehensive
picture of the interactions of some phenolic derivatives
with b-CD, highlighting the following aspects: (i) the
binding mode and stoichiometry of the inclusion
complexes of phenolic derivatives with b-CD, (ii) the
interactions involved in the complexation process, (iii)
the influence of the b-CD conformation and the guest
structure on the binding energy.


More precisely and in agreement with the results of Del
Olmo et al. on the BPA/b-CD system, our study on the
interaction between b-CD and phenol derivatives show
that complexes with BPA, and with fluorinated FBPA are

able 5. Calculated distances d between the para carbon of the phenol group and the barycenter of the seven glycosidic
xygens of b-CD


BPA FBPA BIP IPP


g
Head-first 2.11 2.33 2.88 1.55
Tail-first 2.58 3.20 2.76


Head-first 2.10 2.22 1.81 2.10
Tail-first 2.95 3.56 3.61

T
o


g


tg

Copyright # 2007 John Wiley & Sons, Ltd.

more stable than those with IPP and BIP. This difference
between the bent and linear molecules originates from the
difference in geometries which, in the case of bent
molecules, seems to enhance its interaction of the guest
with b-CD and to prevent its unthreading. Moreover, in
the optimized geometry of the BIP/b-CD complex, a
particular strong deviation of the principal axis of BIP
from the vertical symmetry axis (C7) of b-CD occurs
(Fig. 6). For bent molecules, the same sort of deviation is
due to the second aromatic residue, which is located
outside the cavity, approaching the wider rim of b-CD
(Fig. 5), probably because of the van der Waals
interactions. The stability of the complexes of b-CD
with linear molecules is comparable to that with other
linear aromatic compounds such as biphenyl, bithio-
phene, nitrophenol . . .Moreover, in the FBPA/b-CD
system, both experimental results and theoretical calcu-
lation show a different complexation mode from that of
the other three systems. Indeed, the ‘tail-first’ complexa-
tion mode is the most probable one, where complexation
occurs through the wider rim of the cavity, the fluorinated
alkyl groups interacting with the b-CD inner cavity. This
complexation mode is deduced from experimental
measurements (NMR) and is also predicted by DFT
calculations. DFT calculations indicate high interaction
energy comparable to the formation enthalpy deduced
from experimental results on the FBPA/b-CD system.
This agreement indicates that DFT calculations
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(MPWB1K//AM1) are a useful predictive tool for such
series. It has been reported as suitable for describing weak
non-covalent interactions for simple systems,46 and also
seems to be useful for systems as large as ours.

EXPERIMENTAL


Chemicals


BPA and FBPA (Acros) were purified by double
recrystallization from toluene (Merck); IPP (Aldrich)
was purified by sublimation at 50 8C; BIP (Acros) was
purified by recrystallization from ethanol; b-cyclodextrin
(Sigma) was used as received. Distilled water was
purified by a Millipore system and was used for aqueous
solutions.

Spectrofluorimetric measurements


Fluorescence spectra were obtained with an Aminco–
Bowman series 2 luminescence spectrometer equipped
with a thermostated cell-carrier. An initial 10�2 M
solution of guest (g) in ethanol was prepared. From this
solution, we prepared a 10�5 M solution of guest
in H2O. Different concentrations of b-CD were prepared
(4� 10�2 M, 10�3 M, 10�4 M). For 10 mL of the aqueous
guest solution, small amounts of the aqueous solution of
b-CD were added to obtain different [guest]/[b-CD] ratios
with a constant concentration of the guest at
about 10�5 M. The maximum volume added did not
exceed 400mL. Fluorescence measurements were per-
formed on 3 mL samples at two temperatures, 25 and
35 8C.

NMR measurements


1H NMR spectra at 25 8C were recorded on a Bruker
DRX500 spectrometer at 500 MHz with a TXI probe.
Saturated solution (1.5 mL) of guest in D2O was prepared.
To this solution, small amounts of b-CD were added
successively at different [guest]/[b-CD] ratios. Chemical
shifts (d) are given in ppm with respect to solvent
(dHDO¼ 4.78). 19F NMR spectra were run on a Bruker
CXP NMR spectrometer at 282.35 MHz locked on
the D2O deuterium frequency. 1D ROESY experiments
used the standard Bruker ‘selrogp’ pulse program, with a
300 ms spinlock pulse for mixing, and a recycling time of
4.57 s.

Computational details


The molecular orbital study was performed on each
isolated phenol derivative and on its 1/1 inclusion
complexes with b-CD.
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Calculations on guests. Calculations were performed
using the AM147 method implemented in the AMPAC
package.48 The minimum of the potential energy surface
as well as characteristic points on this surface were further
optimized using the more refined DFT method with the
B3LYP functional49 and 6-31G(d) basis set.50 The DFT
results reported here were obtained using Gaussian 98.51


Isotropic NMR chemical shielding was also evaluated for
each compound by means of the GIAO (Gau-
ge-Independent Atomic Orbital) method52 as imple-
mented in Gaussian 98. Chemical shifts di were calculated
by subtracting the appropriate isotropic part si of the
shielding tensor from that of a standard compound sst,
that is, di¼ sstS si (ppm). The isotropic shielding
constant calculated for TMS using the same method
and the same basis set was 32.18 ppm for the 1H nucleus.


1/1 Complexes of phenol derivatives with
b-CD. The b-CD complexes consist of 180 atoms, which
makes the use of sophisticated methods such as ab initio
calculations, computationally time-expensive and
impractical for exploring the potential energy surface
for such large systems. Therefore, we used the
semi-empirical AM1 method to optimize the geometries
of the inclusion complexes. This method was chosen
because it has been proven that it is able to reproduce
satisfactorily the experimental geometry for such
molecules.53 Furthermore, it has been shown that AM1
calculations are better able to treat long-range dispersion
interactions, generally denoted as van der Waals
interactions, than PM354 calculations. While no specific
parameters are included in semi-empirical energy
functions to express the dispersion term, previous studies
indicate that AM1 produces qualitative results to describe
this effect.55 The geometry of b-CD was fully optimized
without imposing any symmetry restrictions and this was
followed by harmonic frequency analysis to ensure that
the stationary point located was the true minimum (all
eigenvalues of the Hessian matrix were positive). The
starting geometry for b-CD used before optimization was
based on its crystallographic structure as determined by
X-ray diffraction data in the Cambridge data bank.56 All
geometry optimizations were carried out considering
molecules in the gaseous state. The inclusion complex
was constructed from separately AM1-optimized b-CD
and the corresponding guest geometries. A preliminary
calculation was undertaken to determine the orientation
of guest inclusion. It is found that the approach of the OH
group of the phenol through the wider rim of b-CD is
more favorable in energy than through the narrower, with
an energy difference of 3.3 kJ molS1. On the basis of this
result, it was assumed that in all the guest/b-CD systems,
complexation occurs only through the wider rim of the
cavity.


Finally, DFT single-point calculations using the
6-31G(d) basis set were performed on the AM1-
optimized geometries of complexes, both in vacuo and
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Figure 7. Energy profiles as a function of H . . .H intermolecular distance between two methane molecules arranged in a
staggered orientation. Ordering of the profiles at 2 Å from top to bottom: MPWB1K/6-31G(d)//AM1, MPWB1K/6-31G(d), MP2/
6311G(d,p), AM1, and PM3
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in water solution by using the COSMO57 continuum
solvation model based on the self-consistent reaction
field. Although current density functionals can describe
hydrogen bonds with good accuracy,58 they fail to do so
for the description of van der Waals interactions.59 In
recent years, new density functionals have been devel-
oped that allow the correct treatment of the non-bonded
interactions such as van der Waals interactions. There-
fore, we used the MPWB1K60 hybrid meta GGA
functional since it was recommended recently as the
best of 44 DFT methods tested. Among 44 tested DFT
methods, MPWB1K was found to give the best
performance for weak interactions. More generally, it
has been shown from experiment that short-range H . . .H
intermolecular interactions between guest and host are
important in controlling the geometry of the complex.
Therefore, we determine the CH4 dimer interaction
potential energy surface with different methods to
evaluate the performance of our methodology, that is,
the combination of AM1 semi-empirical method for
geometries optimization with MPWB1K for single point
calculation.


The interaction of methane dimer in staggered
orientation as a function of H . . .H distance is displayed
in Fig. 7. The energy profile calculated at the MP2/
6-311G(d,p) level of calculation is taken as the reference.
The MP2/6-311G(d,p), MPWB1K/6-31G(d), and
MPWB1K/6-31G(d)//AM1 show similar smooth repul-
sion profile with a minimum located at 2.8 Å and an
interaction energy in the range of S0.68 to S0.5 kJ/mol.
PM3 predict an unphysical minimum (at 1.7 Å with
interaction energy of S9.30 kJ/mol), while an excellent

Copyright # 2007 John Wiley & Sons, Ltd.

agreement between MPWB1K/6-31G(d) and MP2/
6-6311G(d,p) is obtained. The AM1 calculations shows
weaker repulsion than MP2/6-311G(d,p) having a
minimum at 2.2 Å and interaction energy of S0.99 kJ/
mol. In conclusion, the combination of AM1 geometries
with single point MPWB1K/6-31G(d) seems a valuable
methodology to quantify the long-range H . . .H inter-
molecular interactions for large host–guest systems.
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ABSTRACT: Detailed 1H NMR kinetic investigations of the photochemical and thermal behaviour of a recently
described poly-photochromic molecule including both dithienylethene and naphthopyran groups are reported. The
combination of two photochromic moieties allows the selective controlled extension of the conjugated pi-electron
system and the modulation of the absorption behaviour between �380 to �750 nm. It is shown that the two
photochromic entities are coupled and do not behave independently. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Photochromism is defined as a reversible change of a
single species between two states having distinguishably
different absorption spectra.1–3 Among the large family of
photochromic compounds, naphthopyrans4 have been the
subject of intense investigations due to their high
colourability, fast bleaching and good resistance to
degradation. More recently, owing to their suitable
photochromic properties (high thermal stability and high
resistance to degradation), dithienylethene and related
compounds have emerged as promising candidates for
various applications in optoelectronic devices.5–13


Combination of these two entities in a unique
molecular system allows the controlled selective exten-
sion of the conjugated pi-electron system. We have
recently reported the synthesis and photochromic proper-
ties of a hybrid system, Open Dithienylethene–Closed
Naphthopyran (OD-CN): namely, the 3-(1,2-Bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentene), 3-phenyl-
naphthopyran.14 Four different steady states were
detected by UV–visible spectroscopy. The system was
then investigated by 1H NMR spectroscopy and the
coexistence of eight different isomers was underlined.15
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A general mechanism has been proposed: while 365 nm
irradiation of OD-CN gives rise to the thermally
reversible opening of naphthopyran ring, irradiation at
313 nm leads both to the closure of the dithienylethene
moiety and the thermally reversible opening of the
naphthopyran group, thus generating seven photoisomers
of OD-CN in different concentrations: OD-TTC,
OD-CTC, OD-TTT, (CD-CN1þCD-CN2), CD-TTC
and CD-CTC (Scheme 1).


However, the different pathways along which the
various photo-generated species are interconverting still
remain to be examined in more detail. In particular the
investigation of the competing photoreactions, mainly the
photo-opening of naphthopyrans and the photo-
cyclisation of dithienylethene require more investigation
to reach a full understanding of the photochromic
properties of such a hybrid system.


In previous papers,16 some of us have reported the
kinetic investigations of poly-photochromic systems
including naphthopyrans units. They have shown that
unambiguous information about the location and the
relative strengths of the various photochemical and
thermal isomerisation pathways connecting the photo-
isomers manifold can be provided by the simultaneous
nonlinear least-square fitting of the concentration versus
time profiles recorded under continuous irradiation or
during the thermal relaxation in the dark.


In this paper, we report the results of our quantitative
analysis of the photochemical and thermal isomerisation
processes among the seven coexisting species: OD-CN,
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OD-TTC, OD-CTC, OD-TTT, CD-TTC, CD-CTC and
CD-CN (¼CD-CN1þCD-CN2).

RESULTS AND DISCUSSION


Thermal bleaching analysis


The bleaching behaviour of the biphotochromic molecule
was analysed prior to any investigation of the photo-
reaction kinetics. The evolution of the thermal relaxation
at 227K after UV irradiation with 313 nm, was monitored
by recording 1H NMR spectra at regular time intervals.
By measuring several specific NMR signals, the peak-
intensities of the seven photoproducts were integrated and
the time-evolution of their respective concentrations was
plotted (Fig. 1). The data sets were analysed on the basis
of the general reaction pathway scheme shown in
Scheme 5. The structures having the open naphthopyran
in the CTC configuration (OD-CTC and CD-CTC)
decreased along a mono-exponential curve, towards
OD-CN and CD-CN, respectively. The rate constant
for the bleaching at 227K is 227k¼ 1.6� 10�4 s�1 for
OD-CTC!OD-CN and this is about six times higher
than the rate 227k¼ 2.5� 10�5 s�1 for CD-CTC!
CD-CN. The photoproduct OD-TTT decayed very slowly

Copyright # 2007 John Wiley & Sons, Ltd.

with a mono-exponential evolution towards OD-TTC
(227k¼ 5.8� 10�6 s�1) which in turn is converted ther-
mally to OD-CN (227k¼ 1.0� 10�5 s�1) (Scheme 2).
These results help to better understand the thermal
stability of the photoproducts and their isomerisation
pathways at low temperature. They confirm the earlier
observations for other naphthopyran compounds, namely
that the XTC (CTC or TTC) configuration is directly
connected to the closed form.16 The results also confirm
that the state of the dithienylethene ring, either closed or
open, affects the stability of the naphthopyran open
forms. Finally, it is noted that the attachment of a
naphthopyran to a dithienylethene group does not affect
the thermal stability of the closed form CD-CN.

Photocolouration analysis


For a more detailed investigation of the photocolouration
process, a sample of OD-CN was irradiated with 313 nm
light at 227K and NMR spectra were recorded
periodically. By measuring the peak-intensities of each
photoproduct, time-evolution of concentrations of indi-
vidual isomers can be plotted (Fig. 2). As some
photoproducts are not completely thermally stable even
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Figure 1. Thermal relaxation of OD-CN and its isomers at
227K (starting time t¼ 0 corresponds to the end of UV
irradiation of the thermostated sample). Experimental data
points and all the simultaneous fitted continuous curves
(x2¼ 8.76�10�11)


Figure 2. Time-evolution of concentrations at 227K during
irradiation with 313 nm. Experimental data points and all the
simultaneous fitted continuous curves (x2¼ 8.09�10�10)
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at 227K, thermal bleaching has been taken into account,
an approach in line with earlier experiments.


The results confirm the previously suggested pro-
cesses15 (Scheme 3). Irradiation of OD-CN generates the
opening of naphthopyran moiety into the TTC and CTC
configurations and the cyclisation of dithienylethene
towards CD-CN. Additionally, the species CD-CN reacts

OD-TTT


CD-TTC


OD-TTC OD-CN OD-CTC


CD-CN CD-CTC


227k=5.8 10-6


227k=1.0 10-5 227k=1.6 10-4


227k=5.0 10-6 227k=2.5 10-5


Scheme 2. Thermal processes occurring during relaxation
at 227K. The sizes of the arrows are a visual indication of the
relative values of the corresponding rate constants, 227k
in s�1 (Residual error RE¼ 8.76�10�11)


Copyright # 2007 John Wiley & Sons, Ltd.

further on irradiation involving a ring-opening of the
naphthopyran moiety. The only photoisomerisation
process between open naphthopyrans concerns the path
from OD-TTC towards OD-TTT. No evidence for a
photoreaction between TTC and CTC could be detected.

CD-TTC


OD-TTC OD-CN OD-CTC


CD-CN CD-CTC


313h=4.2 10-5 313h=4.3 10-5


313h=8.0 10-5 313h=5.0 10-5


313h=13.2 10-5313h=13.4 10-5
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OD-TTC OD-CN OD-CTC


CD-CN CD-CTC


313h=4.2 10-5 313h=4.3 10-5


313h=8.0 10-5 313h=5.0 10-5


313h=13.2 10-5313h=13.4 10-5


Scheme 3. Photoisomerisation processes occurring under
irradiation with 313 nm at 227K. The sizes of the arrows give
a visual indication of the relative values of the correspond-
ing rate parameters, 313h in s�1 (Residual error RE¼8.09
10�10).
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The configuration of the adjacent dithienylethene group,
whether open or closed, has no influence on this reaction
pathway. Moreover, no cyclisation of dithienylethene was
found when the naphthopyran is in an open configuration.


A supplementary process had to be taken into account
to obtain a good fit between experimental data and
calculated curves. It concerns the decyclisation of CD-CN
towards OD-CN. The apparent rate parameters are quasi
equal at 227K, 313hOD-CN!CD-CN¼ 13.4� 10�5 s�1 and
313hCD-CN!OD-CN¼ 13.2� 10�5 s�1.


Examination of the data reported in Scheme 3 indicates
that the photoconversion of OD-CN to CD-CN is playing
a major role (60% of the whole photoreactivity) whilst the
photoconversion of OD-CN into OD-TTC and OD-CTC
make up the reminder with a contribution of approxi-
mately 20% each of these processes. Viewed in a similar
manner, the data indicates that 50% of the CD-CN
photoreactivity is associated with the dithienylethene ring
opening, whilst 31% and 19% of the photoreactivity are
directed towards the formation of CD-TTC and CD-CTC.


The photocolouration was investigated also at ambient
temperature by NMR spectroscopy. In these conditions,
only cyclisation of the dithienylethene group can be
monitored, because the lifetime of photomerocyanines is
very short at ambient temperature. These photomerocya-
nine species are not accumulated sufficiently to be
detected by NMR spectroscopy. Only signals of structures
with closed naphthopyran and cyclised dithienylethene
are produced at the timescales of the experiment and the
course of reaction was followed by measuring pea-
k-intensities of OD-CN and CD-CN (Fig. 3). A
conversion maximum of 64% for the formation of
CD-CN was detected. Analysis of this data allowed to
identify a photoreversible mechanism between the two
species with 313hOD-CN!CD-CN¼ 17.6� 10�5 s�1 and

Figure 3. Time-evolution of concentrations at 293K during
irradiation with 313 nm. Experimental data points and all the
simultaneous fitted continuous curves (x2¼ 2.07�10�10)


Copyright # 2007 John Wiley & Sons, Ltd.

313hCD-CN!OD-CN¼ 10.2� 10�5 s�1. In this two-species
system, the kinetic equation includes thus only a single
variable, for example OD-CN, giving:


d½OD-CN�
dt


¼ �313hOD-CN!CD-CN½OD-CN�


þ313 hCD-CN!OD-CN½CD-CN� (1)


which, when combined with the law of conservation of
matter and the expression of hi! j¼Fij ei l I0F leads to:


d½OD-CN�
dt


¼ �313FOD-CN!CD-CN"OD-CNlI0F½OD-CN�


þ313 FCD-CN!OD-CN"CD-CNlI0F½OD-CN�0
�313 FCD-CN!OD-CN"CD-CNlI0F½OD-CN� (2)


When the system reaches a photostationary state (PSS),
d[OD-CN]/dt¼ 0, giving:


½OD-CN�0
½OD-CN�PSS
¼313 FOD-CN!CD-CN"OD-CN=


313
FCD-CN!OD-CN"CD-CN


þ 1


¼313 hOD-CN!CD-CN"OD-CN=
313


hCD-CN!OD-CN"CD-CN


þ 1


(3)


Equation 3 was fully checked with data extracted from
Fig. 3 ([OD-CN]0¼ 6� 10�3M and [OD-CN]PSS¼
2.2� 10�3M).


Finally, the molar absorption coefficients of OD-CN
and CD-CN were determined at 313 nm by UV–Visible
spectroscopy. From the absorbance values measured at
313 nm (Fig. 4) and knowing that the concentrations at
PSS are 36/64 % (established with the NMR experiment),

Figure 4. UV–Visible spectra of OD-CN before irradiation
(1), after 40 min of irradiation (2) and after thermal evolution
in the dark (3)
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Figure 5. Time-evolution of concentrations at 227K during
visible light irradiation at 434 nm. Experimental data points
and all the simultaneous fitted continuous curves (C2¼
3.71� 10�11). Insert: Evolution of the low-concentration
photoproducts
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Scheme 5. General scheme used for the fitting procedure.
In principle forty-two processes could be formulated, how-
ever taking into account that some processes are impossible.
For example, no reaction is expected between OD-CTC and
CD-TTC, as it would require at less two elementary pathways
to perform the two isomerisations
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it was found that the values for the respective absorption
coefficients are very similar, with values of: eOD-CN¼
11085� 463 and eCD-CN¼ 11194� 468Lmol�1 cm�1.
This data allows to conclude that at 293K, using light
at 313 nm the following ratio 313FOD-CN!CD-CN¼
1.74� 313FCD-CN!OD-CN at 293K, describes the system.

OD-TTT


CD-TTC


OD-TTC OD-CN OD-CTC


CD-CN


434h=7.9 10-5


434h=1.3 10-4 434h=3.3 10-4


434h=3.1 10-4


434h=7.5 10-4


Scheme 4. Photoisomerisation processes occurring under
irradiation with 434 nm at 227K. The sizes of the arrows give
a visual indication of the relative values of the corresponding
rate parameters, 434h in s�1. (Product CD-CTC was not
accumulated sufficiently to be detected.) (Residual error
RE¼ 3.71�10�11)
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Photobleaching analysis


The photobleaching was investigated at 227K by
irradiating with a 434 nm visible light a sample which
had been firstly irradiated with UV light (Fig. 5). The
analysis of the data was relatively simple as all decay
kinetics follow mono-exponential curves, with the
exception of OD-TTC and CD-CN which displays a
biexponential one, due to the path OD-TTT!OD-TTC
and CD-TTC!CD-CN, respectively (Scheme 4). This
result clearly confirms our observations under UV
irradiation. All the photochemical paths are reverted.
When the naphthopyran is in an open configuration, no
decyclisation of the dithienylethene moiety occurs.

CONCLUSION


The photochromism of a biphotochromic molecule
involving both a naphthopyran and a dithienylethene
moiety has been investigated by kinetic analysis of the
concentration versus time profiles recorded by 1H NMR
spectroscopy. Up to seven photoisomers have been
monitored. It has been shown that the two photochromic
entities do not behave independently. The cyclisation of
dithienylethene at 313 nm and the reverse process at
434 nm can only occur if naphthopyran is in closed
configuration. On the contrary, naphthopyran can produce
photomerocyanines in different isomeric states whatever
the nature of dithienylethene (open or closed).
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EXPERIMENTAL


Degassing and irradiation


Experiments were carried out in degassed toluene-d8 at
2–3mmol dm�3 concentration. The degassing of solution
to remove oxygen was made by the technique of freeze-
pump-thaw cycles (five cycles: 2.25� 10�6 Torr) directly
in the J. Young valve NMR sample tubes (Wilmad
507-JY-7). Photoirradiation was carried out directly into
the NMR tube in a home-built apparatus with a 1000W
high-pressure Hg–Xe lamp equipped with filters. Mono-
chromatic UV light was obtained by passing the light
through a first filter (Schott 11FG09: 259< l<388 nm
with lmax¼ 330 nm, T¼ 79%), then through an inter-
ferential one (l¼ 313 nm and T¼ 7%). Monochromatic
visible light was obtained by passing the light through a
first filter (Schott SCFIKG1503: 295< l< 800 nm with
T¼ 50% at l¼ 330 and 700 nm), then through an
interferential one (l¼ 434 nm and T¼ 16%). NMR
spectra were recorded on a Bruker 500 spectrometer
(1H, 500MHz) equipped with TXI probe, using standard
sequences. Data sets were processed using Bruker
Topspin 1.3 software.


UV–Visible spectroscopy


UV–Visible spectra were performed in toluene solution
(5.02� 0.21� 10�5M) of spectrometric grade (Aldrich)
at 208C. The analysis cell (optical path length 1 cm) was
placed in a thermostated copper block with magnetic
stirring inside the sample chamber of a Varian Cary 50
spectrometer. An Oriel 200W high-pressure Xe–Hg lamp
was used for irradiation equipped with interferential filter
(l¼ 313 nm and T¼ 17%). The photostationary state was
attained after 40 min of irradiation, then the sample was
kept in the dark for thermal evolution (Fig. 4).

Kinetic data analysis


A general scheme involving the seven species (OD-CN,
OD-TTC, OD-CTC, OD-TTT, CD-CN, CD-TTC and
CD-CTC) has been reduced to 20 processes. Each process
transforming the species i into the species j is
characterised by a rate vij. (Scheme 5).


These rate can be expressed either thermally
(vij¼ 227kij [Xi]) or photochemically (vij¼ lhij [Xi]¼
Fij ei l I0F [Xi]) or both (vij¼ (227kijþ lhij) [Xi]).


227kij is
the thermal rate constant of bleaching at 227K of
compound ‘Xi’ into compound ‘Xj’.


lhij corresponds to an
apparent first order rate parameter at l¼ 313 nm or
434 nm, Fij is the quantum yield of the photochemical
transformation, ei is the molar absorption coefficient of
compound Xi at the irradiation wavelength, l is the optical
path, I0 is the incident monochromatic photon flux and F
the photokinetic factor. Its variations during the UV

Copyright # 2007 John Wiley & Sons, Ltd.

irradiation period have been neglected. This assumption
is fully justified if F is strictly constant when the
irradiation wavelength is close to an isobestic point or if
the absorbance of the photochemical reacting solution is
sufficiently low. As the irradiation light was not strictly
monochromatic, Fij and ei values must be considered as
wavelength-averaged.


The calculated evolution in concentrations of different
species was obtained by numerical integration of the set
of differential equations written from the Scheme 5, using
homemade curve fitting software.17


From the general Scheme 5, all the values are taken into
account to start a fitting procedure. Starting values for the
kij or the hij were chosen around 10�3, and were then
refined by trial and error until a good fit was obtained.
Finally, the parameters were fitted automatically using an
iterative algorithm of the Powell type, designed to
minimize the residual error (RE¼SnSm [Ycal�Yobs)]


2/
nm), between the experimental and the calculated curves
(n is the number of experimental data points and m the
number of kinetic curves). Parameters which were
estimated either too small or not significant were removed
one by one until a systematic increase of the residual error
was observed.


We found that the fitting procedure was very selective
among the various possible processes taken under
consideration. For instance, the simulated kinetic curves
were significantly distant from their corresponding
experimental data if some important pathway was omitted
or if the presence of a forbidden process was artificially
imposed.
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ABSTRACT: Molecular geometry of 10 isomeric nitronaphtholate ions (excluding peri- and ortho-type substituted
systems), 1- and 2-naphtholate ions, 1- and 2-nitronaphthalene, meta- and para-nitrophenolate, phenolate, and
nitrobenzene were optimized at B3LYP/6-311G�� level of approximation. Substituent effect stabilization energy
(SESE), geometry-based aromaticity index HOMA, magnetism-based indices NICS, NICS(1), NICS(1)zz, and
parameters characterizing Bond Critical Points (BCP) (r, 52r, ellipticity, ion/cov) of the Bader AIM theory were
used to characterize transmitting properties for substituent effect through the naphthalene moiety. It results from our
study that the studied systems could be clearly divided into two groups, (i) a para-type group, where the intramolecular
charge transfer between the p-electron donating and p-electron accepting substituents can be described by canonical
forms with charge separation (as in the case of para-nitrophenolate) and (ii) a meta-type group, where this
transfer requires using canonical forms with double charge separation (as in the case of meta-nitrophenolate).
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: substituent effect; aromaticity; AIM analysis; naphthalene derivatives; DFT

INTRODUCTION


The influence of substituent on chemical and physico-
chemical properties of aromatic systems has rich
literature.1 To quantify this effect, a concept of substituent
constants, which quantitatively ‘measure a change in
electron density produced by substituent’2 has been
proposed. For this purpose, meta- and para-substituted
benzoic acids have been chosen as model systems along
with appropriate ionization constants as a numerical
quantitative characteristic.3 Even at an early stage of
investigations, the problem of some inconsistency in
using the originally defined substituent constants for
p-disubstituted systems appeared,1b and new scales of sp
had to be introduced.4,5 A modified approach accounted
for different electronic mechanism of the substituent
effect than that for meta- and para-substituted benzoic
acids. Undoubtedly, interactions between the substituent
and the reaction site in benzene (or another substituent
attached in meta or para position) differ substantially as
far as the blend of inductive and resonance interactions is

to: T. M. Krygowski, Department of Chemistry,
ty, Pasteura 1, 02-093 Warsaw, Poland.
chem.uw.edu.pl
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concerned. The meta-type interactions are mostly
inductive/field in nature6,7 and resonance contribution
accounts for only about 30% of the total effect.8 In the
case of para-type interactions, the resonance is much
stronger. This is nicely illustrated by canonical structures
of two typical p- and m-disubstituted benzene derivatives
with p-electron donating (D) and p-electron accepting
(A) substituents as shown in Schemes 1 and 2.


For para-disubstituted systems apart from canonical
forms with charge separation at carbon atoms in the ring,
there is one structure that represents separation of charges
at A (negative charge) and D (positive charge). It is called
a quinoid-like or through resonance structure (VIII).
Such a situation cannot be realized for meta-disubstituted
systems. The quinoid-like structure with localization of
charges at D and A for meta-derivatives cannot be
realized for canonical forms with single charge separation
(Scheme 2).


To enable p-electron transfer from D to A in
meta-derivative, the canonical forms with double charge
separation have to be considered, as shown in Scheme 3.


Due to the lack of through resonance at the level of
canonical forms with single charge separation for
meta-disubstituted species, the resonance interactions
associated with the p-electron structure are much less
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Scheme 1. Canonical formswith charge separation showing resonance effect between p-electron donating (D) and p-electron
accepting (A) substituents in para-disubstituted benzene derivative


Scheme 2. Canonical forms with charge separation showing no resonance effect between p-electron donating (D) and
p-electron accepting (A) substituents in meta-disubstituted benzene derivative
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favorable than in the case of para-systems. In the case of
para substitution, the D and A substituents exhibit
different requirements for p-charges at the carbon atoms
of the aromatic moiety. Those charges are distributed in a
consisted way. In contrast, for meta substitution, this
distribution is disconcerted and the charge demands are in
conflict.9 This is also nicely shown by the energy of
homodesmotic reaction, presented in Scheme 4,
suggested by Taft et al.10 and measuring the stabilization
of the system due to interactions between the substituents
(Substituent Effect Stabilization Energy hereafter abbre-
viated as SESE).


SESE estimates the stabilization related to interactions
through the p-electron ring between the p-electron
donating substituent, D, and the p-electron accepting one,

Scheme 3. Some of the canonical forms with double
charge separation showing resonance effect between
p-electron donating (D) and p-electron accepting (A) sub-
stituents in meta-disubstituted benzene derivative


Copyright # 2007 John Wiley & Sons, Ltd.

A. The SESE values computed for disubstituted benzene
derivatives are usually greater for para-systems than for
meta- ones. Simple STO-3G calculations of SESE for p-
and m-nitrophenolate yield 30.4 and 17.6 kcalmole�1,
respectively.11


In the case of disubstituted naphthalene derivatives,
the situation is much more complex. Many attempts
have been made to study the substituent effects in
naphthalene derivatives,12 even applying the Hammett-
like approaches,13 but no general conclusion has been
drawn so far. The number of possible, topologically
different disubstituted naphthalene derivatives, even if we
exclude peri- and ortho-substitution, is five times greater
than that for benzene. Among them, there are five
derivatives resembling para-substitution in benzene and
five resembling the meta- one. The para-type interactions
indicated in Scheme 5 may be described by quinoid
canonical structure with localization of separated charges
at A (negative charge) and D (positive charge) illustrated
by canonical forms with charge separation. In the case of
meta-type interactions, localization of separated charges
at substituents requires canonical forms with double
charge separation as shown in Scheme 6. Thus, we have to

Scheme 4. Scheme of the homodesmotic reaction for cal-
culation of Substituent Effect Stabilization Energy (SESE)
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Scheme 5. Canonical forms with charge separation showing intramolecular charge transfer from p-electron donating (D) to
p-electron accepting (A) group for para-type disubstituted naphthalenes
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apply canonical forms with double charge separation to
express an intramolecular charge transfer from D to A.


Moreover, each of the canonical forms with double
charge separation from Scheme 6 should be represented
by other excited structures with various localizations of
charges at carbon atoms.


To analyze the problem of interaction between the
p-electron donating, D, and p-electron accepting, A,
substituents through the naphthalene moiety, we have
chosen the —NO2 group as A and —O� as D. Thus, we
were able to study how different topological situations for
para- and meta-type disubstituted naphthalene deriva-
tives differentiate the CN and CO bond lengths and their

Scheme 6. Some of the canonical forms with double
charge separation showing intramolecular charge transfer
from p-electron donating (D) to p-electron accepting (A)
group for meta-type disubstituted naphthalenes


Scheme 7. Structures of studie
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Atom in Molecules (AIM) characteristics as well as
aromaticity of the rings and the whole naphthalene
moiety.

METHODOLOGY


Molecular geometries of 10 isomers of nitronaphtholate
shown in Scheme 7, 1- and 2-naphtholates, 1- and
2-nitronaphthalenes, meta- and para-nitrophenolates,
phenolate, and nitrobenzene were optimized using
Density Functional Theory at B3LYP/6-311G�� level of
approximation. The frequency analysis has been used to
verify whether or not the optimized geometries corre-
spond to the stationary points. The wave functions have
been calculated for optimized systems at the same level of
theory. All calculations were done using Gaussian 98.14


Scheme 7 presents various isomers of nitronaphtha-
nolate together with labeling: a means that the —O�


substituent is in position 1 – (previously a-position),
whereas b relates to position 2 – (previously b). The
number following a and b indicates localization of the
—NO2 group.


The substituent effect on stability and p-electron
delocalization in naphthalene moiety and the effect of
mutual interactions between nitro- and —O� substituents
via the naphthalene moiety were studied by the use of
homodesmotic reaction (Scheme 8) leading to SESE.

d nitronaphtholate isomers
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Scheme 8. Homodesmotic reaction for calculation of Substituent Effect Stabilization Energy (SESE) for nitronaphtholates
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The changes in p-electron delocalization in particular
rings were estimated by magnetism-based aromaticity
indices Nucleus Independent Chemical Shift (NICS),15


NICS(1),16 and NICS(1)zz
17 as well as by geometry-based


index Harmonic Oscillator Model of Aromaticity
(HOMA)18 which was applied not only for individual
rings, but also for the whole naphthalene moiety.


NICS15 is the negative value of the absolute shielding
estimated in the geometrical center of the ring, 1 Å above,
NICS(1),16 and its perpendicular to the ring component,17


NICS(1)zz. The NICSs values were calculated at HF/
6-31þG� using GIAO method as recommended by
Schleyer et al.15 The more negative the value of NICS is,
the more aromatic is the system.19


Geometry-based index of aromaticity HOMA18 is
defined as in Eqn 1:


HOMA ¼ 1� a


n


Xn


i¼1


ðRopt � RiÞ2 (1)


where n is the number of bonds taken into the summation;
a is a normalization constant (for CC bonds a¼ 257.7)
fixed to give HOMA¼ 0 for a model non-aromatic system
(e.g., Kekulé structure of benzene for carbocyclic
systems), and HOMA¼ 1 for the system with all bonds
equal to the optimal value Ropt assumed to be realized for
full aromatic systems (for CC bonds, Ropt is equal to
1.388 Å).


Topological analysis of electron density, r, has been
performed on the basis of ‘Atoms in Molecules’ quantum
theory proposed by Bader.20 The AIM2000 package21


was employed for determination and characterization of
Bond Critical Points (BCP) by means of electron density,

Table 1. Bond lengths (d/Å) and selected AIM parameters of
eigenvectors, ellipticity (e), and ion/cov parameter) for simple org


Molecule Bond d r 52r


Nitromethane CN 1.530 0.242 �0.58
Ethane CC 1.327 0.238 �0.53
Ethene CC 1.337 0.345 �1.03
Butadiene CC double 1.456 0.340 �1.00


CC single 1.421 0.277 �0.72
Methanol CO 1.305 0.256 �0.50
Methanolate anion CO 1.127 0.343 �0.78
Carbon oxide CO 1.200 0.489 0.64
Formic aldehyde CO 1.467 0.416 0.08
Methylamine CN 1.266 0.261 �0.67
Methylimine CN 1.503 0.389 �0.89
Nitromethane CN 1.503 0.242 �0.58
Carbon dioxide CO 1.185 0.435 �0.21
Beryllium oxide BeO 1.321 0.173 1.77
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r, and its laplacian, 52r. Moreover, we have analyzed
ellipticity and the ion/cov parameter based on the
curvatures of electron density function around the BCP.
Ellipticity is defined as e¼ (l1/l2)� 1, where l1 and l2
correspond to two eigenvectors perpendicular to the
direction of the bond (by definition: l1� l2< 0). This
parameter illustrates how the electron density shape is
flattened crosswise the bond path in BCP. The e equals
zero for ideally cylindrical bonds, for example, single or
triple CC bond, and differs from zero when the bond
cross-section is elliptic (see Table 1 for some examples of
electron density, r, its laplacian, 52r, as well as
ellipticity, e, and ion/cov parameter). The ion/cov
parameter is defined as jl1j/l3 ratio, where l1 is
an eigenvalue (negative by definition) corresponding to
eigenvector, which indicates the maximal decrease of
electron density in the direction perpendicular to the
direction of the bond and l3 is the eigenvalue (positive by
definition) corresponding to eigenvector running along
the direction of the bond.22 Generally, the value of ion/cov
parameter is <1 for bonds with partial closed-shell
character, for example, ionic interactions, and >1 for
interactions having mainly the covalent character.

RESULTS AND DISCUSSION


In order to analyze the complex situation in naphthalene
derivatives, we start our discussion with the data for
benzene derivatives. It is well known that meta- and
para-disubstituted benzene derivatives differ significantly
in terms of intramolecular interactions (substituent

BCP’s (electron density (r/ea�3
0 ), its laplacian (52r/ea�5


0 ),
anic molecules


l1 l2 l3 e ion/cov


2 �0.471 �0.441 0.330 0.069 1.428
2 �0.440 �0.440 0.349 0.000 1.261
3 �0.747 �0.559 0.273 0.338 2.740
9 �0.736 �0.556 0.282 0.323 2.606
6 �0.560 �0.514 0.348 0.089 1.608
4 �0.472 �0.468 0.435 0.008 1.084
0 �0.741 �0.741 0.701 0.000 1.056
7 �1.634 �1.634 3.914 0.000 0.417
5 �1.088 �1.037 2.210 0.049 0.492
0 �0.516 �0.498 0.344 0.037 1.501
7 �0.908 �0.753 0.765 0.206 1.188
2 �0.471 �0.441 0.330 0.069 1.428
5 �1.078 �1.078 1.941 0.000 0.555
9 �0.418 �0.418 2.614 0.000 0.160
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Table 2. Total electron energy (E/hartree), substituent effect stabilization energy (SESE/kcal mole�1), bond lengths (d/Å),
HOMA, and NICSs values for benzene, phenolate, nitrobenzene, meta- and para-nitrophenolate


Molecule HOMA E SESE d(CO) d(CN) NICS NICS(1) NICS(1)zz


Benzene 0.99 �232.2084 — — — �9.72 �11.54 �31.90
Phenolate 0.66 �306.8859 — 1.262 — �6.09 �7.46 �21.31
Nitrobenzene 0.99 �436.7619 — — 1.480 �10.92 �11.67 �30.48
m-Nitrophenolate 0.66 �511.4644 15.69 1.255 1.475 �7.83 �8.01 �20.95
p-Nitrophenolate 0.49 �511.4810 26.10 1.248 1.416 �3.80 �5.64 �12.00
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effect). This is well illustrated by, for example, SESE
values for meta- and para-nitrophenolate, which are
15.69 and 26.10 kcalmole�1, respectively (Table 2).

Analysis of meta- and para-nitrophenolates


Table 2 contains the data describing energetics (SESE and
total electron energies) as well as HOMA and NICSs
values for benzene, nitrobenzene, phenolate, meta- and
para-nitrophenolates.


It results from the data in Table 2 that para-
nitrophenolate anion is more stable than its meta-isomer
by 10.4 kcalmole�1, and obviously, the same is the
difference between SESE values for these compounds.
However, HOMA and NICSs values show that the ring in
the para-isomer is less aromatic than in the meta- one.
This means that an increase of stability of the molecule as
a whole is associated with a decrease of cyclic p-electron
delocalization. The increase of through resonance
interaction due to the substituent effect acts against
cyclic p-electron delocalization being mostly attributed
to the notion of aromaticity.23 Interestingly, the difference
shown by NICS indices is the greatest for NICS(1)zz.


Table 3 presents CN and CO bond lengths as well as the
electron density, r, its laplacian, 52r, ellipticity, e, and
ion/cov parameter in their BCP. Because of stronger
interactions between substituents in para-isomer than in
the meta- one, the CN and CO bond lengths in
para-isomer are shorter than in meta- one. The difference
for CN bond length (0.059 Å) is significantly greater than
that for CO (0.007 Å). Similar differences for CN bond in
these two isomers are also found for ellipticities (0.185)
and ion/cov parameter (0.111). These differences for CO
bond are smaller, 0.006 for ellipticities and 0.049 for ion/
cov parameter. For the m-nitrophenolate, e of CN bond is

Table 3. Electron density (r/ea�3
0 ), its laplacian (52r/ea�5


0 ), ellipt
points along with its bond lengths (d/Å) for phenolate, nitroben


Molecule


CN bond


r 52r e ion/cov


Phenolate — — — —
Nitrobenzene 0.256 �0.660 0.122 1.594
m-Nitrophenolate 0.250 �0.600 0.130 1.571
p-Nitrophenolate 0.280 �0.608 0.315 1.460
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close to that for nitrobenzene indicating the lack of
through resonance effect. Ellipticity of CN is significantly
greater in the para-isomer than in the meta- one, but
simultaneously the bond loses some covalency as shown
by the ion/cov parameter. Ellipticity of CO bond in both
para- and meta-nitrophenolates is low, around 0.03–0.04,
and resembles rather the value for formic aldehyde
(e¼ 0.049, Table 1) than for methanolate anion
(e¼ 0.000). The values of ion/cov parameter for m-
and p-nitrophenolate are 0.682 and 0.633, respectively,
and are little different from the value for formic aldehyde
(0.492), but dramatically lower than that for methanolate
(1.056). This indicates a highly polarized CO bond,
oppositely to that of CN, which is more covalent in nature,
with the values of 1.460 and 1.571, for para- and
meta-isomers, respectively. Thus, a strong through
resonance effect in para-isomer causes a significantly
more polarized covalent bond than in the meta- one.


It is known from the studies on aromaticity of the ring
in monosubstituted benzene derivatives24 that substitu-
ents with a lone pair accessible for resonancewith the ring
(e.g., —O�) affect strongly cyclic p-electron delocaliza-
tion. This is not the case for —NO2 group, which
practically does not affect aromaticity of the ring
(Table 2). In the case of disubstituted benzene derivatives,
there is practically no change in delocalization for
m-nitrophenolate as compared with phenolate, and a
substantial decrease for p-nitrophenolate.

Analysis of nitro-derivatives of 1- and
2-naphtholates


The intramolecular interaction between the —O� and
—NO2 substituents in the nitronaphtholates derivatives
may be analyzed from three points of view: (i) an increase

icity, and ion/cov parameter in the CO and CN bond critical
zene, para- and meta-nitrophenolate


CO bond


d r 52r e ion/cov d


— 0.369 �0.461 0.029 0.693 1.262
1.480 — — — — —
1.475 0.375 �0.445 0.039 0.682 1.248
1.416 0.379 �0.355 0.033 0.633 1.255
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Table 4. Electron density (r/ea�3
0 ), its laplacian (52r/ea�5


0 ), ellipticity (e), and ion/cov parameter calculated in CN and CO bond
critical points and corresponding bond lengths (d/Å) for monosubstituted naphthalene derivatives and all 10 nitronaphtholates
(for labeling, see Scheme 7)


Molecule


CN bond CO bond


r 52r e ion/cov d r 52r e ion/cov d


Meta-type
a3 0.248 �0.602 0.111 1.562 1.482 0.376 �0.397 0.037 0.656 1.252
a6 0.258 �0.634 0.151 1.633 1.463 0.375 �0.398 0.033 0.656 1.253
b4 0.252 �0.614 0.139 1.598 1.475 0.376 �0.437 0.042 0.678 1.253
b5 0.253 �0.622 0.135 1.613 1.474 0.375 �0.412 0.034 0.663 1.254
b7 0.257 �0.633 0.153 1.632 1.464 0.376 �0.412 0.037 0.663 1.253


Para-type
a4 0.277 �0.606 0.354 1.519 1.420 0.381 �0.306 0.027 0.608 1.244
a5 0.264 �0.643 0.222 1.675 1.450 0.377 �0.355 0.030 0.633 1.250
a7 0.270 �0.656 0.221 1.648 1.440 0.380 �0.347 0.034 0.630 1.247
b6 0.275 �0.652 0.253 1.605 1.429 0.379 �0.361 0.036 0.636 1.249
b8 0.267 �0.650 0.240 1.688 1.445 0.378 �0.354 0.035 0.633 1.249


Monosubstituted naphthalene derivatives
1-Nitronaphthalene 0.255 �0.652 0.128 1.595 1.481 — — — — —
1-Naphtholate — — — — — 0.372 �0.407 0.029 0.662 1.257
2-Nitronaphthalene 0.257 �0.664 0.127 1.610 1.478 — — — — —
2-Naphtholate — — — — — 0.372 �0.430 0.033 0.674 1.257
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of quinoid structure weight should lead to a shortening of
CO and CN bonds; (ii) an increase of quinoid structure
weight should lead to an increase of stabilization
characterized by SESE values; (iii) an increase of quinoid
structure is associated with a decrease of cyclic p-electron
delocalization which may be measured by aromaticity
indices (e.g., NICS, HOMA).


Interrelation between bond lengths and AIM
parameters. It is well known that in many cases, AIM
parameters in BCP correlate with bond length.25 Table 4
presents AIM parameters for all 10 nitronaphtholates as

Figure 1. Dependence of r(CO) on d(CO) for nitronaphtho-
lates. Correlation coefficient cc¼�0.974. Open circles
stand for para-type and filled circles for meta-type. The
open and filled triangles stand for p-nitrophenolate and
m-nitrophenolate, respectively
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well as for monosubstituted naphthalene derivatives with
—OS or —NO2 as substituent.


When electron density in BCP of CO and CN bonds are
plotted against their lengths, the regressions are linear as
shown in Figs. 1 and 2.


In both cases, elongation of the bond is associated with
a decrease of charge density in BCP. This is in linewith an
observation found for CC bonds in benzenoid hydro-
carbons.25c,26 Interestingly, the para- and meta-type of
naphthalene derivatives form two separated parts of the
scatter plots in Figs. 1 and 2. In both cases, the
para-isomers have shorter CN and CO bonds and higher
electron density in BCP than meta-isomers. This proves

Figure 2. Dependence of r(CN) on d(CN) for nitronaphtho-
lates. Correlation coefficient cc¼�0.997. Open circles s
tand for para-type and filled circles for meta-type. The
open and filled triangles stand for p-nitrophenolate and
m-nitrophenolate, respectively


J. Phys. Org. Chem. 2007; 20: 297–306


DOI: 10.1002/poc







Figure 3. Dependence of ion/cov(CO) on d(CO) for nitro-
naphtholates. Correlation coefficient cc¼0.949. Open
circles stand for para-type and filled circles for meta-type.
The open and filled triangles stand for p-nitrophenolate and
m-nitrophenolate, respectively


NAPHTHALENE AS A TRANSMITTING MOIETY FOR SUBSTITUENT EFFECT 303

that in para-type derivatives, the substituent effect is
stronger than in meta-type ones. Moreover, when we add
to both plots the points for para- and meta-
nitrophenolates, these points fit well the groups for para-
and meta-type naphthalene derivatives.


Figures 3 and 4 show how the polarity of the bond
expressed by ion/cov parameter for para- and meta-type
derivatives depends on CO and CN bond lengths. In the
first case, we see a roughly linear dependence of ion/
cov(CO) on d(CO). The longer the bond is, the higher
contribution of covalency is observed. For meta-type
derivatives, the CO bond exhibits a more covalent
character than for para-isomers. In both cases, the data for

Figure 4. Dependence of ion/cov(CN) on d(CN) for nitro-
naphtholates. Open circles stand for para-type and filled
circles for meta-type. The open and filled triangles stand for
p-nitrophenolate and m-nitrophenolate, respectively
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meta- and para-nitrophenolate fit well the appropriate
group of naphthalene derivatives.


A dramatic difference is observed for the dependence
of ion/cov(CN) on d(CN). In this case, for the para-
type naphthalene derivatives, the regression has a positive
slopewith cc¼ 0.961, whereas the slope for themeta-type
isomers is negative, cc¼S0.908. Again, the points for
para- and meta-nitrophenolate fit well the appropriate
group of naphthalene derivatives.


The observed dependence may be interpreted as
follows. It is well known that the substituent effect is
composed of two factors:1c,5,7,8 a field (inductive) factor
and a resonance (mesomeric) factor, both of which affect
the geometry of the molecule. However, there is still
another factor affecting significantly the molecular
structure – this is electronegativity of the substituent.27


The resonance effect depends strongly on cooperative
interactions between two substituents. In disubstituted
p-electron systems, the resonance effect dominates only
for substituents of strong and opposite resonance power,
whereas the electronegativity effect is local and depends
only on the kind of substituent. The substituent of much
different electronegativity than the substituted carbon
atom affects dramatically its hybridization, which may be
described by the Bent–Walsh rule27a,28 and results in
changes of ipso-bond angle and ipso-ortho CC bond
lengths.29 Moreover, it is known from basic chemistry
that the greater is the difference in electronegativity of
two atoms forming the bond, the greater is its polarity.30


In the case of para-type isomers, the through resonance
effect leading to a quinoid-like structure is the strongest of
the three factors mentioned above. The greater the weight
of quinoid canonical structure is, the shorter the CN bond
becomes and more the charge is localized on —NO2


group. This effect increases the polarity of CN bond.31


The most effective through resonance and in con-
sequence, a high contribution of quinoid-like structure
is for p-nitrophenolate, since there is only one p-electron
ring and there is no other possibility for charge dispersion
on another ring, as it is in the case of naphthalene
derivatives. The quinoid-like structure in para-type
naphthalene derivatives may be formed involving one or
two rings. The first case is realized only for one isomer –
a4. Only in this case, the Clar sextet32 may be drawn and
explain the increase of stability of this particular system.
Here, an increase of stability is due to two different and, in
many other cases, opposite factors. In the case of a4, these
factors cooperate. The disubstituted ring is strongly
stabilized, whereas the side ring increases global
stabilization due to its cyclic delocalization. In all other
cases of para-type nitronaphtholates, both rings are
involved in intramolecular charge transfer leading to
weaker charge transfer from —O� to —NO2 and more
dispersed charge over two rings. It is worth mentioning
that the nitro- group as a substituent has a large field/
inductive effect ( F¼ 0.65)33 and an equally strong
resonance effect (R¼ 0.62), so total interaction with the
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Figure 5. Dependence of SESE on HOMAtot for nitro-
naphtholates. Open circles stand for para-type and filled
circles for meta-type. The open and filled triangles stand for
p-nitrophenolate and m-nitrophenolate, respectively
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p-electron donating system is characterized by s�¼ 1.27.
Thus, in the case of para-type intramolecular interactions,
the resonance effect seems to be dominant.


The situation for meta-type isomers is quite different
because the resonance effect is definitely weaker since it
needs canonical forms with double charge separation to
be considered (Scheme 6). Therefore, the dominant effect
is related to the inductive and electronegativity effects of
—NO2 group. The electronegativity of —NO2 group is
high – in the Pauling scale,34 it is equal to 4.1935 or 4.3336


which may be decisive for the changes of the ion/cov
parameter. The longer the bond is, the more charge is
attracted by the electronegative nitro- group and in
consequence, the more polarized the CN bond is.


Another possible interpretation is that elongation of the
CN bond results in a decrease of its strength. This is
documented by a dependence of electron density at BCP
on bond length (Fig. 1) An increase of interatomic
distance affects much more weakly electrostatic contri-
bution to the interaction than the covalent one. As a result,
the ionic character of the bond increases.


Interrelations between SESE, HOMA,
and NICSs. Interactions between —OS and —NO2


substituents also affect non-local parameters describing
energetics and p-electron delocalization of the molecule.
The SESE values (Table 5) characterizing the ‘strength’
of interactions between both substituents through the
naphthalene moiety, may be divided into two groups:
the data for para-type systems and for meta-type ones.
The para-systems have a much higher mean value of
SESE (17.42 kcalmoleS1) and the lowest SESE value for

Table 5. HOMA, total energy (Etotal/hartree), relative total ener
(SESE/kcal mole�1), CO and CN bond lengths (d(CO), d(CN)/Å
nitronaphthalenes, and naphtholates


Molecule


HOMA


Ring 1 Ring 2 tot


a3 0.41 0.81 0.62 �
a6 0.34 0.81 0.63 �
b4 0.43 0.70 0.61 �
b5 0.37 0.67 0.59 �
b7 0.39 0.73 0.61 �


a4 0.08 0.85 0.46 �
a5 0.22 0.64 0.49 �
a7 0.30 0.73 0.54 �
b6 0.28 0.64 0.51 �
b8 0.21 0.54 0.46 �


Monosubs
1-Nitronaphthalene 0.75 0.76 0.79 �
1-Naphtholate 0.39 0.80 0.61 �
2-Nitronaphthalene 0.79 0.79 0.82 �
2-Naphtholate 0.40 0.71 0.59 �
Naphthalene 0.79 0.79 0.81 �


Copyright # 2007 John Wiley & Sons, Ltd.

this set of data (b8) equals 14.06, being higher than the
highest SESE value for meta-type systems
(12.80 kcalmole�1 for a3). The mean SESE for
meta-systems is 11.90 kcalmole�1. Definitely, the stabil-
ization due to substituent effects in para-systems is
greater than in meta- ones. Another important difference
between SESE values for the para- andmeta-systems is in
the range of SESE values. For meta-type, it is only
2.32 kcalmole�1, whereas for para-type it is
10.22 kcalmole�1. This may suggest that topological
differences in localization of substituents for meta-
systems practically do not differentiate SESE values.

gy (Erel/kcal mole�1), substituent effect stabilization energy
) for 10 nitronaphtholates (for labeling, see Scheme 7),


E


SESE d(CO) d(CN)total rel


Meta-type
665.1051 7.15 12.80 1.252 1.482
665.1042 7.72 12.24 1.253 1.463
665.0936 14.37 11.80 1.253 1.475
665.0915 15.69 10.48 1.254 1.474
665.1011 9.66 12.17 1.253 1.464


Para-type
665.1165 0.00 24.28 1.244 1.420
665.1006 9.98 14.31 1.250 1.450
665.1100 4.08 15.88 1.247 1.440
665.1113 3.26 18.57 1.249 1.429
665.0972 12.11 14.06 1.249 1.445
tituted naphthalene derivatives
590.3854 4.33 — — 1.488
460.5304 0.00 — 1.257 —
590.3923 0.00 — — 1.478
460.5274 1.88 — 1.257 —
385.8380 — — — —
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Figure 6. Dependence of NICS(1)zz on HOMA for each ring
in nitronaphtholates. Open circles stand for para-type and
filled circles for meta-type
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Obviously, the same results are observed for the values of
total electron energies, E.


A similar observation is found for HOMA values
calculated for the whole aromatic moiety, HOMAtot. For
para-type molecules the mean value of HOMAtot is 0.49,
whereas for meta-type, it is 0.61. Thus, again, as in other
cases,23,37 cyclic p-electron delocalization described here
by HOMAtot is lowered by through resonance interactions
between —NO2 and —O�, especially for para-type
systems. Interestingly, the above-discussed quantities,
SESE versusHOMAtot, are separated into two clusters for
meta- and para-types, as shown in Fig. 5.

Table 6. NICS, NICS(1), and NICS(1)zz values for each ring in 10 n
lenes, and naphtholates


Molecule


Ring 1


NICS NICS(1) NI


a3 �7.75 �8.25 �
a6 �6.00 �8.05 �
b4 �8.90 �9.31 �
b5 �7.08 �8.97 �
b7 �6.91 �8.97 �


a4 �2.55 �4.88 �
a5 �3.60 �6.16 �
a7 �3.86 �6.39 �
b6 �4.26 �6.97 �
b8 �3.93 �6.79 �


Monosub
1-Nitronaphthalene �10.99 �11.57 �
1-Naphtholate �5.66 �7.57 �
2-Nitronaphthalene �11.01 �11.64 �
2-Naphtholate �6.76 �8.61 �
Naphthalene �9.90 �11.64 �


Copyright # 2007 John Wiley & Sons, Ltd.

Analysis of HOMA values calculated for individual
rings leads to a similar picture. In both kinds of rings, the
mean values of HOMA are lower for para-type systems
(0.22 and 0.68, respectively) than for meta-type systems
(0.39 and 0.75, respectively). HOMA for individual rings
may be compared with NICSs appropriate only for local
aromatic properties. Figure 6 presents the dependencies
of NICS(1)zz (Table 6) on HOMAvalues for rings 1 and 2.
The ring is labeled as 1 if substituted with —O�.


Data for rings 1 present an approximate linear
dependence with lower aromaticity (higher NICS(1)zz
and lower HOMA values) for para-type systems and
higher for meta-type systems. This kind of separation of
meta- and para-systems is not observed for the
dependence of NICS(1)zz on HOMA for ring 2. The dif-
ference between rings 1 and 2 consists in the presence of a
direct influence of —O� substituent on ring 1.
Comparison of aromaticity indices for monosubstituted
naphthalene derivatives: 1- or 2-nitronaphthalene and 1-
or 2-naphtholate shows that the —O� substituent affects
the aromatic moiety much more strongly than the nitro-
group. HOMA values for the whole moiety for
naphtholates are around 0.40, whereas for nitro-
derivatives are not much lower than for naphthalene
itself (0.79). A similar picture can be seen for HOMA and
NICSs values for individual rings. The —O� substituent
affects much more strongly p-electron delocalization in
the naphthalene moiety than the nitro- group does. The
same is true for individual rings, independently of the ring.
This strong effect of the —O� substituent is in line with
an observation made for monosubstituted benzene
derivatives24 – the substituents with a lone pair or a
vacant orbital of an appropriate symmetry affect strongly
the p-electron structure of the ring.

itronaphtholates (for labeling, see Scheme 7), nitronaphtha-


Ring 2


CS(1)zz NICS NICS(1) NICS(1)zz


Meta-type
20.70 �8.83 �10.50 �28.13
21.66 �9.98 �10.40 �26.03
22.86 �7.90 �9.36 �25.07
23.50 �9.03 �9.21 �23.05
23.36 �8.72 �9.09 �22.32


Para-type
10.34 �9.54 �10.99 �29.41
16.27 �8.21 �9.07 �21.83
16.85 �7.74 �8.69 �20.34
17.32 �6.18 �7.27 �16.14
16.78 �6.80 �7.52 �17.56
stituted naphthalene derivatives
29.34 �10.04 �11.81 �31.58
20.55 �8.83 �10.32 �27.91
29.32 �9.70 �11.66 �31.03
22.58 �7.48 �8.92 �23.94
31.26 �9.89 �11.63 �31.25
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CONCLUSIONS


All observables have a common characteristic feature,
namely that the para- and meta-type derivatives form
clusters to which the mother compounds p- and
m-nitrophenolates, respectively, fit well. —O� is the
dominant substituent, however another one, —NO2


undergoes stronger changes in both structural and
electronic ways. Para-type systems usually exhibit a
stronger variation in any kind of parameters than the
meta-type ones.
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systems with H- or Li-bondingy
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ABSTRACT: B3LYP/6–311þG�� optimization was carried out for azulene and its analogs, in which CH—CH—CH
fragment was replaced with O���X���O (X¼H or Li). p-electron delocalization in four possible derivatives with
H-bonding and three possible derivatives with Li-bonding was described by the use of HOMA index. All derivatives
with Li-bonding exhibit high p-electron delocalization similar to that found for azulene. Among four H-bonded
systems, two exhibit lower p-electron delocalization (HOMA< 0.39) and higher total electron energy than the other
two derivatives. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: azulene; p-electron delocalization; aromaticity; H-bonding; Li-bonding


INTRODUCTION


For a long time aromaticity of azulene has been considered
as something mysterious.1 Usually non-alternant hydro-
carbons are not stable and hence considered as non- or even
anti-aromatic.2 Five-membered p-electron rings, for
example, fulvene derivatives,3 are stabilized by electron
donating substituents, whereas in the case of seven-
membered p-electron rings, for example, heptafulvene,
they are stabilized by electron accepting ones. Indeed, an
increase of electron donating power of substituent linked to
the exo-cyclic carbon atom of fulvene increases its
stability.4 In a similar manner electron accepting sub-
stituents increase stability of seven-membered ring.5 In
both cases the odd-membered rings tend to possess six
p-electrons, and intramolecular charge transfer (meso-
meric effect) allows fulfilling the Hückel’s 4Nþ 2 rule.6


Azulene is the case where five- and seven-membered
rings are fused, and the above-mentioned intramolecular
charge transfer from the seven-membered ring to the
five-membered one occurs leading to appearance of
electrical dipole moment (1.08D).7 This transfer
increases both p-electron delocalization and stability of
the system. Resonance energy of azulene8 estimated from
the heat of hydrogenation is 28.3 kcalmol�1 and may be
compared with 36.0 kcalmol�1 for benzene estimated by
the same method.9


Azulene is the valence isomer of naphthalene, and it is
worth comparing them. Azulene is less stable than
naphthalene – thermochemical estimation of resonance
energy gives 81.8 kcalmol�1 for naphthalene and
49.2 kcalmol�1 for azulene.1 The same method applied
to benzene gives 42.4 kcalmol�1.1 Topological resonance
energy (TRE) gives for azulene and naphthalene 0.151
and 0.389, in jbj units, respectively10 similarly as the
Hess–Schaad estimations: 0.231 and 0.550 in jbj,
respectively.11 The direct comparison of electron energies
for these two isomers computed at B3LYP/6-31G(d) level
of theory shows that naphthalene is more stable than
azulene by 34.23 kcalmol�1,12 which is qualitatively in
line with thermochemical and theoretical results pre-
sented above. Obviously, the strain present in azulene
decreases its stability by �16 kcalmol�1,13 still indicat-
ing that naphthalene is a more stable system. Undoubt-
edly, different methods of estimation of aromatic
stabilization energy (ASE)14 lead to different absolute
values but still indicate lower stability of azulene.


Magnetic studies of p-electron delocalization in
azulene and naphthalene show less differentiated pic-
ture.15 Diamagnetic susceptibility exaltation values, L,
(defined as a difference of the experimental value of
diamagnetic susceptibility between the system in ques-
tion and the reference cyclopolyene) for azulene and
naphthalene are 29.6 and 30.5��10�6 cm3mol�1, res-
pectively. New estimations of magnetic susceptibility of
naphthalene16 and azulene17 are �123.6 and �88.3 ppm
cgs, respectively, showing greater difference between
those two systems then the older data. Another
magnetism-based quantitative measure of p-electron
delocalization, the Schleyer’s NICS, gives for five- and
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seven-membered rings of azulene the values of�19.7 and
�7.0, respectively, (calculated at B3LYP/6–31þG� using
GIAO method) whereas for a ring in naphthalene NICS is
�9.9.18 However, it has been previously reported that
NICS approach19 overestimates the aromaticity for the
five-membered rings and underestimates for the seven-
membered rings (in comparison with the NICS value for
benzene).18 On the other hand, p-electron currents in-
duced in polycyclic benzenoid and non-benzenoid hydro-
carbons gives values 1.093 for each ring in naphthalene
and 1.069 and 1.150 for seven- and five- membered rings
of azulene, respectively (in units of the value for
benzene).20 However, the ring currents in individual
rings in non-alternant hydrocarbons are less reliable than
those for alternant systems since in the non- benzenoid
ones the current is present almost only in the perimeter.21


Comparison of the above data leads to a conclusion that
aromatic stability of azulene is definitely lower than that
of naphthalene even if the correction for strain energy is
taken into account. However, magnetic susceptibility
values suggest, in some way, a similar p-electron
delocalization in both azulene and naphthalene. This
finding is not surprising since aromaticity as a notion is a
collective phenomenon22 and energetic,14,23 magnetic,24


and geometric25 criteria are not always uniquely defined
and equivalent.26 It is also well known that different aro-
maticity indices may show similar picture when applied
for p-electron systems belonging to structurally closely
related families.4d,5b Naphthalene and azulene belong to
two topologically different classes of p-electron com-
pounds, so-called alternant and non-alternant hydrocar-
bons,27 respectively, and hence equivalency of different
aromaticity indices is not expected.26e


Recently, the systems topologically analogous to
naphthalene where CH—CH—CH fragment in one of
the rings was replaced with O���X���N28a or O���X���O,28b,c
where X¼H or Li, have been studied. It was found that
the Li-bonded derivatives exhibit relatively high
p-electron delocalization in both carbocyclic and
quasi-ring resembling the situation in naphthalene. In
the case of H-bonded systems p-electron delocalization
observed in the benzenoid ring is high whereas in the
quasi-ring is definitely smaller, but still significant.
Similarly higher p-electron delocalization in the quasi-
ring of Li-bonded derivative than H-bonded one is
observed when the benzene analog, malonaldehyde, has
been investigated.29


The aim of this report is to answer the following
question: what happens if we replace CH—CH—CH
fragment in azulene with O���X���O, where X is H or Li?
Will we observe similar situation as that found in
naphthalene analogs?28c


METHODOLOGY


Ab initio optimizations at B3LYP/6–311þG��30 level
were carried out in Gaussian0331 for molecules presented


in Fig. 1. For 1, 2b, and 3b the C2v symmetry of the
molecules has been assumed (the energy differences
between the molecules with and without constrained
symmetry were insignificant).


Geometry parameters of the ring (C—C and C—O
bond lengths) were used to calculate aromaticity index
HOMA32 according to the following equation:


HOMA ¼ 1� 1


n


Xn


j¼1


ai Ropt;i � Rj


� �2
(1)


where n represents the total number of bonds taken into
summation; ai is a normalization constant (for C—C
bonds aC—C¼ 257.7 and for C—O bonds aC—O¼
157.38) fixed to give HOMA¼ 0 for a model non-
aromatic system, for example, Kekulé structure of
benzene33 and HOMA¼ 1 for the system with all bonds
equal to the optimal value Ropt,i assumed to be realized for
fully aromatic systems (Ropt,C—C¼ 1.388 Å, Ropt,C—O¼
1.265 Å).


We have also applied the Bond Separation Reaction
approach, which allows to study, for example, bond
separation reaction energy (EBSR)


34 describing energetics
of the systems in question. EBSR is the energy difference
between the reference systems with localized single and
double bonds and the system in question, provided that
the number of all atoms at both sides of the bond
separation reaction is the same. It means that EBSR


estimates the energy of stabilization of the studied system
in comparison with the reference systems without any
kind of delocalization. Scheme 1 illustrates this concept
for azulene as an example.


Figure 1. Labeling of the studied systems
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The BSRs are a subgroup of isodesmic reactions
serving as the basis for estimation of non-additivity
of energy due to some particular kind of inter-
action(s).14,34,35


Estimation of the approximate value of H-bonding
energy is carried out following the procedure suggested
by Grabowski.36 This approximate energy is calculated as
a difference between the energy of the closed (H-bonded)
and open conformation of the studied system (see Fig. 2).
In this procedure apart from the energy of H-bonding
formation, the energy resulting from p-electron reorga-
nization in the molecule is also included.


RESULTS AND DISCUSSION


At the beginning, we stress once again that a fundamental
difference between naphthalene and azulene is in the
alternant and non-alternant character of these molecules.
This results in a substantial difference in the calculated
length of the central bond: 1.432 Å for naphthalene
(C4a–C8a) and 1.498 Å for azulene (C3a–C8a). In the
case of naphthalene both rings are fused through the bond
participating in p-electron delocalization, which is not the
case for azulene. This difference is manifested in a
different bond length alternation in the perimeter. HOMA
for naphthalene perimeter is 0.84 whereas for azulene is
0.97. This may be interpreted in terms of so-called bond
number conservation rule37 applied to C—C bonds in
p-electron hydrocarbons. Qualitatively, 2pz orbital at each
of the fusion carbon atoms in both naphthalene and
azulene overlap with three neighboring carbon 2pz
orbitals. This leads to a possibility of p-electron
conjugation in all three directions. Such situation occurs
in the case of naphthalene. Bond lengths linking atoms
C4a and C8a with adjacent carbon atoms are of a similar
magnitude (1.420, 1.420, and 1.432 Å) being at the same
time similar to the bond lengths in graphite 1.422(1) Å.38


In the case of azulene the situation is different. One of


those three bonds is definitely longer (1.498 Å) from the
others (1.390 and 1.405 Å) and the 2pz orbital at fusion
atom overlaps mostly with 2pz orbitals of two neighboring
peripheral carbon atoms. Therefore the conjugation in the
perimeter may be much stronger exhibiting a greater
p-electron delocalization than in the individual rings.
The 2pz orbitals at C3a and C8a carbon atoms overlap
only slightly.


The situation presented above is also observed in the
cases where CH—CH—CH fragment in one ring is
replaced with O���X���O (X¼H or Li), that is, the system
being a subject of this study. Figure 3 presents all
molecules considered in this work along with selected
bond lengths. HOMA values for fragments of perimeter
consisting of heavy atoms (all CC and CO bonds except
C3a-C8a bond) are presented in Table 1. Comparison
between HOMAvalues for H-bonded systems (2a, 3a, 4a,
and 4a’) in closed and open conformations (see Fig. 2)
shows that forming of intramolecular H-bonding is
associated with an increase of HOMA values by 0.2–0.6
indicating increase of p-electron delocalization. This
effect may be explained in terms of modified substituent
properties due to H-bonding interaction in comparison
with non-interacting substituent.39 H-bonding increases
electron donating properties of the —OH group toward
the aromatic moiety since proton moving away increases
the negative charge at the oxygen atom. Simultaneously
proton interacting with the oxygen atom of the carbonyl
group causes an increase of electron attracting ability of
the carbonyl group. In consequence a stronger substituent
effect occurs leading to a stronger bond length equaliza-
tion, that is, stronger p-electron delocalization in
comparison with the open conformation. This effect is
associated with an increase of stability by 11.3–
18.2 kcalmol�1 (Table 1).


It may be concluded that H-bonding formation
increases p-electron delocalization in the heavy atom
part of the perimeter more than it would be expected from
the sole substituent effect between p-electron donating
—OH group and p-electron accepting —C——O group
without H-bonding.


When HOMA values for H-bonded conformations of
2a, 3a, 4a, and 4a’ are compared, an interesting rule is
found. For cases where heavy atom skeleton has an
approximate symmetry plane of the heavy atom skeleton
(2a, 3a) the HOMA values are higher than 0.77, whereas
for cases without this kind of symmetry (4a, 4a’) HOMA
is lower than 0.39.


Molecules 3a, 4a, and 4a’ are the isomers in which the
CH—CH—CH fragment from the seven-membered ring
is replaced with O���H���O. The Grabowski36 approximate
estimation of H-bond strength shows that 3a system forms
a substantially stronger H-bonding (18.2 kcalmol�1) then
4a (11.3 kcalmol�1) and 4a’ (12.6 kcalmol�1). Addition-
ally, in 3a, differences in C—O bonds length between the
closed and open conformation are 0.028 Å and 0.031 Å,
whereas for 4a and 4a’ the greatest differences are


Scheme 1. Example Bond Separation Reaction (BSR) for
azulene


Figure 2. Scheme of closed and open conformation
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D¼ 0.020 and 0.023 Å. This indicates again that the
strongest H-bonding is in the case 3a.


Comparison of HOMAvalues across H- and Li-bonded
systems shows that the H-bonded ones exhibit always
lower p-electron delocalization. It may be stated that
Li-bonded systems resemble azulene itself. This may be
due to possible participation of unoccupied 2p lithium
orbital in delocalization since the energy of this orbital is
significantly lower than that for hydrogen.28a Thus in the
cases of Li-bonded systems the lithium atom may play a


similar role in p-electron delocalization as sp2 hybridized
carbon atom.


CONCLUSIONS


p-Electron delocalization in azulene analogs in which
various CH—CH—CH fragments were replaced with
O���X���O (X¼H or Li) resembles that observed in
azulene itself. The similarity is much stronger in the case


Figure 3. Structures of the studied systems along with selected bond lengths and O���X���O angles
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when X¼Li than in the X¼H case (p-electron
delocalization was calculated only for the heavy atom
fragment of the perimeter excluding the central C—C
bond).


H-bonded systems with heavy atom skeleton having an
approximate symmetry plane exhibit higher p-electron
delocalization expressed by HOMA and greater values of
EBSR. The Li-bonded analogs exhibit high p-electron
delocalization independently of the above-mentioned
symmetry and similar to that observed in azulene.
However, those having symmetry plane exhibit higher
EBSR.
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ABSTRACT: A homogeneous, molecular, gas-phase elimination kinetics of 2-phenyl-2-propanol and 3-methyl-1-
buten-3-ol catalyzed by hydrogen chloride in the temperature range 325–386 8C and pressure range 34–149 torr are
described. The rate coefficients are given by the following Arrhenius equations: for 2-phenyl-2-propanol log k1


(s�1)¼ (11.01� 0.31)� (109.5� 2.8) kJ mol�1 (2.303 RT)�1 and for 3-methyl-1-buten-3-ol log k1 (s�1)¼
(11.50� 0.18)� (116.5� 1.4) kJ mol�1 (2.303 RT)�1. Electron delocalization of the CH2


——CH and C6H5 appears
to be an important effect in the rate enhancement of acid catalyzed tertiary alcohols in the gas phase. A concerted
six-member cyclic transition state type of mechanism appears to be, as described before, a rational interpretation for
the dehydration process of these substrates. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: elimination; gas-phase kinetics; hydrogen chloride catalyst; mechanism; 3-methyl-1-buten-3-ol and


2-phenyl-2-propanol

INTRODUCTION


Experimental gas-phase elimination kinetics of aliphatic
alcohols are known to be difficult and they proceed from a
radical chain to a molecular mechanism when changing
from primary to tertiary carbon.1 The temperature needed
for dehydration of these alcohols is from 500 8C and up.
Along this line of work, few alcohols were reported to
dehydrate on acid catalyzed homogeneous, unimolecular
elimination in the gas phase. The acid catalysts of these
molecules are found to be carried out well below 100 8C
when compared to the uncatalyzed dehydration process
and the activation energy reduced to about 125 kJ mol�1.
The mechanism for the acid catalyzed dehydration of
tert-butyl alcohol (Scheme 1) has already been described
by Maccoll and Stimson.2


Further investigations on the molecular elimination of
tertiary alcohol catalyzed by HBr and/or HCl3–8


considered steric acceleration as a reasonable explanation
for rate enhancement in the dehydration process. These
reactions were believed to proceed through a six-member
cyclic transition state type of mechanism. Steric factor

to: G. Chuchani, Centro de Quı́mica, Instituto Vene-
aciones Cientı́ficas (IVIC), Apartado 21827, Caracas
la.
@ivic.ve
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was believed to be the mechanism of the acid catalyzed
tertiary alcohols; however, electronic effect was not
ignored. Consequently, the present work aimed at
studying the elimination kinetics of acid catalyzed
tertiary alcohols with an unsaturated or p-bond sub-
stituent that may well delocalize their electrons to the
positive carbon reaction center. The substrates to be
examined are 2-phenyl-2-propanol and 3-methyl-1-
buten-3-ol.

RESULTS AND DISCUSSION


The elimination process of both tertiary alcohols
catalyzed with HCl gas, in a static system, and the
reaction vessel was seasoned with products of decompo-
sition of allyl bromide, which is a polymeric carbon coat.
Under this condition the gas-phase elimination of these
substrates produces water and the corresponding olefin, as
described in reaction (1):

CR


CH3


CH3


OH + HCl CR


CH3


CH2 H+ 2 +O (1)HCl


R: CH2=CH,  C6H5
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Stoichiometry (1) requires that, for long reaction times,
Pf¼ 2P0, where Pf and P0 are the final and initial
pressure, respectively. The average experimental results
for Pf/P0 values at five different temperatures and 10
half-lives were 1.9 for 2-phenyl-2-propanol and 1.7 for
3-methyl-1-buten-3-ol (Table 1).


The departure from Pf/P0¼ 2.0 may be attributed to a
small polymerization of the corresponding olefin product
and possibly to dead-space errors. Verification of
stoichiometry (1) was made by comparing the percent
decomposition of the tertiary alcohol substrate from
pressure measurements against chromatographic analyses
of the corresponding olefin products (Table 2).


To examine the homogeneity of these reactions several
runs were carried out in a vessel with a surface-to-volume
ratio of about 6.0 relative to that of the normal vessel,

Table 1. Ratio of final (Pf) to initial pressure P0 of the
substratea


Substrate
Temperature


(8C)
P0


(torr)
Pf


(torr) Pf/Pi


2-Phenyl-2-propanolb 340.1 71 133 1.9
340.0 62 115 1.9
356.3 52 95 1.8
386.2 70 129 1.9
386.1 72.0 133 1.9


3-Methyl-1-buten-3-olb 326.1 89 150 1.7
370.6 84 144 1.7
371.0 94 162 1.7
384.4 88 150 1.7
384.4 82 140 1.7


a Seasoned vessel.
b Presence of HCl gas pressure ffi3P0.


Table 2. Stoichiometry of the reactionsa


Substrate Temperature (8C) Time


2-Phenyl-2-propanol 340.5 1
1
1
1


3-Methyl-1-buten-3-ol 355.5


1
1


a Seasoned vessel and in the presence of HCl gas pressure.


Copyright # 2007 John Wiley & Sons, Ltd.

which is equal to 1. The normal Pyrex vessel seasoned
with allyl bromide had no effect on the rate coefficients
(Table 3). Yet, the clean packed, unpacked, and seasoned
packed Pyrex vessels showed an extremely fast increase
in pressure which could not be measured in a very short
time. These results indicate a significant heterogeneous
effect.


The absence of a free radical chain reaction was
verified by carrying out several runs in the presence of
different proportions of toluene as inhibitor (Table 4).


The pseudo-first-order rate law given in Eqn (1), the
rate coefficient k0 is not independent of the HCl pressure
as a catalyst, this means variation of PHCl gives different
values of k0 (Table 5, column 4). Consequently, the true
rate coefficient is obtained by dividing k0 by PHCl


(Table 5, column 5) and Eqn (1) changes into Eqn (2)


k0 ¼ PHClk1 ¼ 1


t


� �
ln


P0


2P0 � PT


(1)


k1 ¼ 1


t


� �
1


PHCl


� �
ln


P0


2P0 � PT


(2)


The rate coefficients of these eliminations were found,
at constant HCl pressure, to be invariant to initial
pressures (Table 6) and the pseudo-first-order rate was
calculated from Eqn (2).


The variation of the rate coefficients with temperatures
is shown in Table 7. The results given in Table 7 lead, by
using the least-squares procedure and 90% confidence
limits, to the shown Arrhenius equations.


Steric acceleration was considered to be an important
factor in the rate enhancement of the gas-phase
elimination kinetics of acid catalyzed alkyl branched
tertiary alcohols.7,8 However, the present results and the
analysis of the data described in Table 8 suggest the
electronic factor to be responsible for rate increase.
Scaled Dreiding Stereo Models reveals that substituent
such as CH2


——CH has less steric influence than CH3CH2


and CH3CH2CH2. This fact leads to believe that
electronic transmission of alkyl substituents affects the
rate of elimination through strong sigma bonds, while
resonance interaction of the vinyl and phenyl substituents

(min) % Olefin (GC) % Olefin (pressure)


0 27.7 29.2
2 32.5 34.1
4 40.8 38.5
6 43.9 42.3
6 11.2 11.9
9 19.0 18.4
2 25.3 23.9
5 30.0 28.9
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Table 4. Effect of the inhibitor toluene on ratesa


Substrate Pi (torr) P0 (torr) Pi/P0 107 k1/PHCl (torr�1 s�1) k1 (cm3 mol�1 s�1)


2-Phenyl-2-propanol at 356.2 8C — 63 — 20.7� 0.6 81.9� 2.0
80 67 1.2 20.7� 0.9 81.1� 3.5


117 59 2.0 20.7� 0.9 80.1� 1.9
123 45 2.7 20.9� 0.6 82.1� 2.2


3-Methyl-1-buten-3-ol at 384.2 8C — 89 — 44.0� 0.8 182.1� 3.7
53 81 0.7 44.1� 0.7 181.5� 2.7


106 81 1.3 44.4� 1.5 181.9� 6.0
168 78 2.1 44.6� 1.4 181.0� 7.0


In the presence of HCl gas ffi3P0.
P0¼ pressure of the substrate; Pi¼ pressure of toluene inhibitor.
a Vessel seasoned with allyl bromide.


Table 5. Effect of hydrogen chloride on the rate of dehydration


Temperature (8C) PHCl (torr) P0 (torr) 104 k0 (s�1) 107 k1/PHCl (torr�1 s�1)


2-Phenyl-2-propanol
356.1 335 63 7.0� 0.1 20.7� 0.6
356.2 296 67 6.4� 0.7 20.7� 0.9
356.1 282 73 4.1� 0.6 20.3� 0.3
356.0 274 70 5.8� 0.1 20.0� 0.4
356.0 205 68 4.3� 0.2 20.6� 0.7
3-Methyl-1-buten-3-ol
370.4 306 93 8.9� 0.2 28.4� 0.9
370.5 222 93 8.7� 0.4 28.9� 1.3
370.7 202 92 5.7� 02 28.4� 1.0
370.4 81 94 2.3� 0.1 29.0� 1.1
370.4 73 95 2.1� 0.1 28.9� 1.1


Table 3. Rate coefficient in seasoned normal (S/V¼1.0) Pyrex vessels


Substrate Temperature (8C) PHCl (torr) P0 (torr) 107 k/PHCl (torr�1 s�1) k1 (cm3 mol�1 s�1)


2-Phenyl-2-propanol 340.4 264 71 13.9� 0.1 50.6� 3.3
340.0 262 71 13.2� 0.2 50.2� 1.2
340.5 237 72 13.7� 0.6 52.7� 2.5


3-Methyl-1-buten-3-ol 325.8 231 97 6.0� 0.3 22.3� 1.1
325.7 238 97 6.0� 0.1 22.3� 0.4
325.8 245 88 6.1� 0.3 22.7� 0.9


S¼ surface; V¼ volume.


Table 6. Variation of rate coefficient with initial pressure of the substratea


Temperature (8C) PHCl (torr) P0 (torr) PHCl/P0 107 k1/PHCl (torr�1 s�1) k1 (cm3 mol�1 s�1)


2-Phenyl-2-propanol
356.1 296 67 4.5 20.7� 0.4 81.1� 1.6
356.3 309 52 6.0 20.5� 0.2 82.2� 1.4
356.1 261 48 5.5 21.3� 0.3 83.6� 1.0
356.0 300 34 8.8 21.5� 0.2 83.5� 0.5
3-Methyl-1-buten-3-ol
384.5 282 149 1.9 44.6� 1.5 185.0� 6.0
384.7 263 94 2.8 44.8� 0.9 183.8� 3.9
384.4 296 89 3.4 44.0� 0.8 182.1� 3.7
384.4 301 82 3.7 44.6� 0.5 183.4� 1.2


a Seasoned vessel.
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Table 7. The variation of the rate coefficients with temperatures


Substrate Parameters Value


2-Phenyl-2-propanol Temperature (8C) 325.2 340.5 356.2 371.2 386.2
107 k1/PHCl (torr�1 s�1) 8.5� 0.4 13.4� 0.4 20.6� 0.6 31.6� 0.9 51.8� 0.9
k1 (cm3 mol�1 s�1) 29.6� 1.6 50.5� 2.1 81.5� 1.9 129.0� 3.7 213.0� 5.3


Rate equation log k1 (s�1)¼ (11.01� 0.31)� (109.5� 2.8) kJ mol�1 (2.303 RT)�1, r¼ 0.9996


3-Methyl-1-buten-3-ol Temperature (8C) 325.8 340.4 355.5 370.5 384.2
107 k1/PHCl (torr�1 s�1) 6.0� 0.2 10.1� 0.3 17.1� 0.6 28.7� 1.0 44.5� 1.2
k1 (cm3 mol�1 s�1) 22.4� 0.8 39.0� 2.0 66.8� 2.5 115.1� 4.0 182.4� 4.5


Rate equation log k1 (s�1)¼ (11.50� 0.18)� (116.5� 1.4) kJ mol�1 (2.303 RT)�1, r¼ 0.9999


Table 8. Kinetic and thermodynamic parameters of R(CH3)2COH catalyzed with HCl at 380 8C


Z
k1


(cm3 mol�1 s�1)
Ea


(kJ mol�1)
log A
(s�1)


DS6¼


(J mol�1 K�1)
DH 6¼


(kJ mol�1)
DG 6¼


(kJ mol�1) References


CH3 22.9 136.8 12.30 �16.51 131.4 143.2 3
CH3CH2 28.8 142.2 12.83 �6.36 136.8 141.0 5
CH3CH2CH2 43.7 145.3� 2.4 13.26 1.87 139.8 141.0 8
CH2


——CH 151.4 116.5� 1.4 11.50� 0.18 �31.86 111.1 131.9 a
C6H5 177.8 109.5� 2.8 11.01� 0.31 �41.20 104.2 131.1 a


a, This work.
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explains the importance of stabilization of the partial
positive carbon reaction center in the transitions state for a
greater ease of dehydration. The mechanism can be
described as in reaction (2)

HO


Cl


H


CR


CH3


CH3


OH
HCl


CR


CH3


CH2 H+ 2 +O HCl (2)
H3C


R


H
H


H


R: CH2=CH,  C6H5


δ−δ+ δ+
δ−

EXPERIMENTAL


2-Phenyl-2-propanol (99% purity, Air Product) and
3-methyl-1-buten-3-ol (99% purity, Air Product) were
used. Pure HCl gas was bought from Matheson. The
purity of these substrates was checked by GC-MS: Saturn
2000, Varian, with a DB-5MS capillary column
30 m� 0.25 mm i.d., 0.25mm film thickness. The
products 2-phenylpropene and 2-methyl-1,3-butadiene
were identified in a GC -MS (Saturn 2000, Varian) with a
DB-5MS capillary column 30 m� 0.25 mm i.d., 0.25mm.
The quantitative analyses of the products; for
2-phenylpropene by using a Gas Chromatograph Varian

Copyright # 2007 John Wiley & Sons, Ltd.

3700 (column: 3% OV – 17 Gas Chromosorb Q 80/
100 mesh, 2 m), while for 2-methyl-1,3-butadiene by
employing Varian 3600� (DB-5 capillary column
30 m� 0.53 mm i.d., 0.53mm).

Kinetics


The tertiary alcohols were pyrolyzed in a static system9–11


with the reaction vessel seasoned with allyl bromide
and in the presence of the catalyst HCl gas. The rate
coefficients were determined by pressure increase
manometrically. The temperature was controlled by a
Shinko DC-PS resistance thermometer controller
maintained at �0.2 8C and measured with a calibrated
Iron Constantan thermocouple. No temperature
gradient was found along the reaction vessel. All
substrates were injected directly into the reaction vessel
with a syringe through a silicone rubber septum. The
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amount of substrate used for each reaction was
�0.05–0.2 ml.
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ABSTRACT: The photophysical and photochemical properties of two 3,3-diphenyl-3H-naphtho[2,1-b]pyrans sub-
stituted in position 8 by phenylethynyl and p-nitrophenylethynyl groups, respectively, are investigated by femtosecond
and nanosecond transient absorption spectroscopy. The spectral characteristics and dynamics of the lowest excited
singlet and triplet states are determined. The ring-opening reaction responsible for the photochromism is observed to
occur in the S1 state. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: [2H]-chromene; 3H-naphtho[2,1-b]pyran; photochromism; photophysical properties; transient absorption

INTRODUCTION


Elaborating organic photofunctional molecules with
potential applications for optoelectronic devices is an
ambitious and challenging field of modern organic
chemistry. One target among others is the conception
of organic photoconductors and photo-switched con-
ductors. In this regard, an interesting approach is, to
incorporate a photochromic molecular system within a
conducting polymer chain. One can expect that the
electronic conjugation between two polymer half-chains
attached to a photochromicmolecule at strategic positions
can be simply activated or deactivated by light irradiation
via the photochromic transformation. This idea has
recently motivated the synthesis of a series of model
compounds elaborated by appending oligothiophenic
chains to various photochromic 3H-naphtho[2,1-b]pyran
molecules derived from the [2H]-chromene family
(Chart 1).1–12 In this family, photochromism proceeds via
the cleavage of the geminal diaryl carbon – oxygen single
bond (C3—O) of the chromene moiety.13 The reaction
leads to a colored merocyanine form (open form, OF)

to: O. Poizat, Laboratoire de Spectrochimie Infra-
Bât. C5, Université des Sciences et Technologies de
eneuve d’Ascq Cedex, France.
niv-lille1.fr
: Laboratoire Hubert Curien (UMR 5516), Université
rue du Pr. Benoı̂t Lauras, 42000 Saint Etienne, France.
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with extended p-conjugation that might couple electro-
nically substituents in position 3 and 8 that are uncoupled
in the closed form (CF). A molecular photo-switch
behavior has been actually demonstrated for a
3H-naphtho[2,1-b]pyran compound substituted by bithio-
phenic groups in position 3 and 8.7,8 However, it has also
been observed that the efficiency of photocolorability of
the molecule decreases markedly or even vanishes when
the substituted oligothiophenic chains become too long.
For example, in a series of 3,3-diphenyl-3H-naphtho[2,1-
b]pyrans substituted in position 8 by thiophene oligomers
via an acetylenic junction, the photocolorability increases
progressively as the number n of oligomeric thiophenic
substituents increases from 0 to 2, but for n¼ 3 the
compound does not show any photochromism.5,10 A
similar effect was reported for naphthopyrans bearing
oligothiophene substituents directly attached in position
3 or 8.14 A thorough investigation of the photophysical
and photochemical properties of this family of com-
pounds is required to understand the influence of
the nature and electronic configuration of aromatic
substituents on the energy relaxation pathways and
photochromism efficiency. In recent spectroscopic studies
of naphthopyrans14–20 and spironaphthoxazines,21–23


transient absorption was proved to be a very powerful
technique to provide detailed information relative to the
ring-opening mechanism and efficiency.


We present here a comparative analysis by tran-
sient absorption spectroscopy in the femtosecond to
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Chart 1.
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microsecond time domain of two 3,3-diphenyl-3H-
naphtho[2,1-b]pyran compounds substituted in position
8 by phenylethynyl and p-nitrophenylethynyl groups
(Chart 2, 2 and 3, respectively). The results are discussed
in particular by analogy with those recently reported for
the unsubstituted parent molecule (1 in Chart 2)15,19 and
for the compound substituted in position 8 by a
dithienylethynyl group (4 in Chart 2).20


EXPERIMENTAL


Synthesis of 3,3-diphenyl-3H-naphtho[2,1-b]pyran sub-
stituted in position 8 by phenyl (2) and p-nitrophenyl (3)
groups via an acetylenic junction were performed
according to a procedure reported previously.3,10 Purifi-
cation by column chromatography yielded the pure
compound after recrystallization. 2: m.p. 194–1958C,
C33 H22O (Found: C, 91.31; H, 4.98. Required: C, 91.21;
H, 5.10). 3: m.p. 208–2098C, C33H21O3N (Found: C,
82.73; H, 4.32; N, 3.02. Required: C, 82.65; H, 4.41; N,
2.92). Acetonitrile and cyclohexane (Aldrich, spectro-
photometric grade) were used as received.


The femtosecond transient absorption setup has been
already described.24 Briefly, it involves a 1 kHz
Ti-sapphire laser system based upon a Coherent (MIRA

Chart 2.
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900D) oscillator and a BM Industries (ALPHA 1000)
regenerative amplifier. Pump excitations at 383 and
266 nm were obtained by frequency doubling the
Ti-sapphire fundamental tuned at 766 nm or frequency
tripling the fundamental tuned at 800 nm, respectively
(0.3mm BBO crystals). The pump pulse (�150 fs) power
was limited to 1–3mJ per pulse (0.1–0.3mJ/cm2). Awhite
light continuum probe pulse was generated at 766 or
800 nm in a CaF2 plate. The pump-probe polarization
configuration was set at the magic angle. The probe pulse
was delayed in time relative to the pump pulse using an
optical delay line (Microcontrol Model MT160–250PP
driven by an ITL09 controller, precision �1mm). The
overall time resolution (fwhm of the pump-probe
intensity cross-correlation) was estimated to be about
300 fs from the two-photon (pumpþ probe) absorption
signal in pure hexane. The time dispersion of the
continuum light over the 300–700 nm region of analysis
was about 0.8 ps. The transmitted light was analyzed by a
CCD optical multichannel analyzer (Princeton Instru-
ment LN/CCD-1340/400-EB detectorþ ST-138 control-
ler). Sample solutions (2.5� 10�4M) were circulating
in a flow cell with 2mm optical path length. Data were
accumulated over 3min (�180000 pump-probe seq-
uences).


The nanosecond transient absorption spectra were
recorded in the 280–800 nm region using the 355 nm
output of a Yag laser (7 ns, 1mJ, 20Hz) as pump exci-
tation and a Xe flash lamp as the probe. Samples were
contained in a quartz cell (1� 1 cm2 section) at a con-
centration adjusted to get an OD value of�1.0 at 355 nm.
Solutions were deaerated by bubbling N2.

RESULTS AND DISCUSSION


3,3-diphenyl-8-(phenylethynyl)-
3H-naphtho[2,1-b]pyran (2)


The absorption spectrum of 2 in cyclohexane (Fig. 1),
similar to that obtained in acetonitrile, shows some
resemblance with that reported for the parent
3,3-diphenyl-3H-naphtho[2,1-b]pyran molecule, 1,19


with three groups of bands in the 200–400 nm region:
an intense absorption peaking below 200 nm; a second
strong band with vibronic maxima at 272, 285, and
302 nm, which corresponds probably to a of 1 transition
showing vibronic components at 281, 300, and 313 nm;
finally, a group of four much weaker components at 326,
339, 356, and 373 nm that may correlate with a transition
of lowest energy (lmax at 330, 345, and 360 nm) observed
in the spectrum of 1. No significant fluorescence emission
could be detected in any solvent.


Figure 2 shows transient absorption spectra recorded in
the 300–700 nm region at different time delays from 0.6 to
50 ps following 266 nm excitation of 2 (2.5� 10�4M) in
cyclohexane. A restricted region (425–625 nm) of
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Figure 1. Absorption spectra of 2 (full line) and 3 (dashed
line) in cyclohexane
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comparable spectra obtained in the 0.4–20 ps time
domain after 383 nm excitation is presented in the inset.
Similar spectra were obtained in acetonitrile. The time
evolution measured at all wavelengths upon 383 nm
excitation can be fit with the same set of three exponential
kinetics. The shortest time spectrum (0.4–0.6 ps), charac-
terized by a strong band peaking in the 350–380 nm
domain and a weaker one around 530 nm (more apparent
upon 383 nm excitation), decays with a time constant of

Figure 2. Transient absorption spectra (300–700 nm) of 2
(2.5� 10�4M) in cyclohexane at different time delays from
0.6 to 1.4 ps (top) and 1.6 to 50 ps (bottom) after 0.15 ps
pulse excitation at 266 nm. Inset: enlargement of the
425–625 nm region of transient spectra recorded from 0.4
to 20 ps after 383 nm excitation. Vertical arrows indicate the
signal evolution


Copyright # 2007 John Wiley & Sons, Ltd.

0.28� 0.06 ps and yields a broad and diffuse spectrum
maximizing around 390 nm and extending up to 700 nm.
Then, this spectrum disappears whereas a third one
described by a well-defined band at 450 nm rises
concomitantly with isosbestic points at 402 and
520 nm. This evolution is characterized by a two-
exponential kinetics of time constants t1¼ 2.0� 0.5
and t2¼ 10� 2 ps. No further spectral evolution is
observed in the 50–1500 ps time domain. It can be seen
in Fig. 2 that, at all times, the transient absorption signal
in the 300–400 nm region is marked by the presence of a
superimposed well-resolved negative band structure
leading to absorption minima at 324, 339, 355, and
370 nm. These values match nicely the four lowest energy
components of the steady-state absorption spectrum of 2
and thus can be readily ascribed to the ground sate
bleaching of the closed form (CF).


The overall spectral evolution observed for 2 in the
picosecond region is somewhat comparable to that
previously reported for the parent molecule 1.15,19 We
propose to ascribe the shortest time spectrum (530 nm
band) to the lowest excited singlet state of CF, S1(CF).
The fact that this spectrum is more distinctly visible on
383 nm excitation than at 266 nm is probably due to the
existence of additional relaxation processes in the latter
case. In fact, it can be inferred from the absorption
spectrum of 2 (Fig. 1) that direct population of S1(CF)
occurs at 383 nm whereas, at 266 nm, an upper excited
state Sn(CF) is formed first, which then relaxes to S1(CF)
with a noticeable amount of excess energy. Since S1(CF)
is very short-lived (0.28 ps), its dynamics is thus expected
to be intricately mixed up with the Sn(CF) relaxation and
cooling dynamics. The visible S1 absorption (lmax at
530 nm) is located at intermediate position between the
bands assigned previously to the S1 state in 1 (500 nm)15


and in the 8-(dithienylethynyl) compound 4 (588 nm).20


In the case of 4, the S1 state having a much longer lifetime
(150 ps in acetonitrile), its assignment could be definitely
confirmed by the observation of a signal of stimulated
emission having same decay kinetics. For 1, as for 2, the
shortest time spectrum observed in the spectrokinetic
evolution was not as clearly apparent. It has been assigned
to S1(CF)


15 or to a primary photoproduct.19 Its decay time
constant (0.45 ps,15 0.43 ps19) is comparable to the 0.28 ps
value ascribed here to the S1 state lifetime of 2.


The absorption band at 450 nm that grows beyond
1.4 ps with a two-exponential kinetics is typical of the
trans merocyanine form, or open form, S0(OF). By
analogy with the mechanism suggested for 1, we propose
to ascribe the two growing times to the appearance of a
first trans OF species and to its further evolution toward a
thermal equilibrium between two trans isomers15,25


(Scheme 1). Obviously, the growth of OF is not
concomitant with the S1(CF) decay but starts only after
its decay. This implies the existence of an intermediate
species that is characterized by the broad and diffuse
spectrum observed at 1.4 ps after decay of the S1(CF)
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Scheme 1. Geometrical representation of the ground state
closed form (CF) and cis/trans open forms (OF) of the
3,3-diphenyl-3H-naphtho[2,1-b]pyran compounds


Scheme 2. Schematic representation of two possible reac-
tion pathways for the ring opening process characterized by
the absence (A) or existence (B) of a weak excited-state barrier
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spectrum. Recent CASSCF calculations of the excited-
state ring-opening reaction coordinate in 2H]-chromene
(Chart 1) did not predict the existence of several
well-distinguishable minima on the excited state surface.
Instead they suggest that a rather flat region with very
shallow and indefinite minimum extends without any
significant barrier from the initial Franck-Condon
excitation region to a transition state that leads directly
to a conical intersection with the ground state surface.26,27


The transition state itself is almost barrierless. If a similar
reaction pathway is assumed for 2, the initial S1(CF)
species identified experimentally (0.4 ps spectrum)
corresponds probably to the above shallow excited state
minimum and it seems improbable that the following
transient species (1.4 ps spectrum) also belongs to the
excited state surface. It can rather be ascribed to a
metastable ground state cisoid OF isomer, which is
necessarily the first product of the ring-opening reaction
(see Scheme 1). In this hypothesis, the 0.28 ps time
constant corresponds to the ring-opening process, the
2.0 ps kinetics to a ground state cis-trans isomerization of
the OF species, and the 10 ps kinetics to the thermal
equilibrium between the two trans forms, as represented
in Scheme 2A. However we cannot rule out the
eventuality of a reaction pathway for 2 more complex
than that calculated for [2H]-chromene with, for instance,
a weak excited state barrier between an excited state
minimum close to the Franck-Condon region and a
second shallow minimum farther on the excited surface,
before the transition state. In this case the 0.28 ps time
constant would be due to a restricted excited-state
structural relaxation, the 2.0 ps kinetics to the
ring-opening process, and the 10 ps one to the overall
ground state evolution (cis-trans isomerization and
thermal equilibrium between the trans forms), as it is
displayed in Scheme 2B. Although this hypothesis seems

Copyright # 2007 John Wiley & Sons, Ltd.

more consistent with the fact that the spectra of the first
two transient species (0.4 and 1.4 ps, respectively) are
broad and cover the whole visible range, it cannot be
ascertained definitely.


Figure 3, part A, presents transient absorption spectra
of a deaerated solution of 2 in cyclohexane recorded from
0.5 to 32ms after excitation by 7 ns laser pulses at 355 nm.
In the 300–550 nm range, these spectra are comparable to
the 50 ps spectrum just discussed, with the bleach signal
around 350 nm and the absorption band of the OF species
at 450 nm. These features keep nearly constant intensity
on the 0.5–32ms time period apart from a weak increase
in absorption on the blue side of the OF band. In addition,
one observes a weaker band at 630 nm that decays within
20ms. Subtracting the final spectrum (100ms) to all
spectra leads to the spectral evolution displayed in Fig. 3,
(part B), characterized by a negative band in the
350–450 nm region and the 630 nm absorption band.
Both signals decay with the same time constant of 6.7ms,
indicating that they characterize the same event. This
decay is strongly shortened in the presence of oxygen,
which suggests a triplet state assignment for the 630 nm
absorption band. The negative band corresponds to the
position of the OF absorption that is too much subtracted
upon removing the 100ms spectrum. It reveals that the
triplet state species relaxes by intersystem crossing (ISC)
to the OF ground state. As a confirmation, the constant
intensity of the �350 nm bleach signal in Fig. 3 (part A)
indicates that there is no repopulation of S0(CF) during
the triplet state decay. An interrogation concerns the
identity of the triplet state species. It might be the triplet
state of the CF molecule, T1(CF), formed from S1(CF) in
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Figure 3. Transient absorption spectra recorded at different
time delays after a 7 ns pulse excitation at 355 nm
of a N2-purged solution of 2 (OD¼ 1 at 355 nm) in cyclo-
hexane. (A) raw spectra; (B) spectra processed by subtracting
the 100ms spectrum at all times. Vertical arrows indicate the
signal evolution


Figure 4. Transient absorption spectra recorded at different
time delays after a 7 ns pulse excitation at 355 nm
of a N2-purged solution of 3 (OD¼1 at 355 nm) in aceto-
nitrile. Vertical arrows indicate the signal evolution
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parallel to the ring-opening reaction and leading itself to
S0(OF) via ring-opening. Such a reaction scheme implies
that both the S1 and T1 states of CF do contribute to the
photochromism of 2. However, in this hypothesis, the T1
state should appear concomitantly with the decay of the S1
state, that is, within 1 ps. This is in contradiction with the
fact that the T1 state band at 630 nm is not observed in the
picosecond time domain (Fig. 2). A more convincing
interpretation is to ascribe the 630 nm absorption to the
OF triplet state, T1(OF), produced by reexcitation, by a
late photon of the nanosecond pump pulse, of the S0(OF)
species previously formed from excitation of the initial
CF molecule by an early photon of the same pump pulse.
Such a sequential two-step process is possible in the
nanosecond excitation regime since the pulse duration is
much longer than the time of formation of S0(OF) via
ring-opening. On the contrary, it cannot happen in the
femtosecond regime since the excitation pulse is clearly
shorter than the S0(OF) appearance time. Accordingly, the
negative band in Fig. 3 (part B) is a bleach signal due to
the depletion of photoproduced merocyanine population
by late photons of the nanosecond pump pulse.

3,3-diphenyl-8-(p-nitrophenylethynyl)-3H-
naphtho[2,1-b]pyran (3)


The absorption spectrum of 3 in cyclohexane (Fig. 1,
dashed line), similar to that obtained in acetonitrile, is

Copyright # 2007 John Wiley & Sons, Ltd.

quite different from that recorded for the 119 and 2
molecules, with much stronger absorption strength in the
blue region up to 450 nm (lmax at 262, 293, 323, and
368 nm).


Spectra obtained in the 0.36–10ms time domain for a
deaerated solution of 3 in acetonitrile are shown in Fig. 4.
A negative band in the 300–400 nm region, with minima
at 290, 329, and 368 nm, is likely due to the CF ground
state bleach as it matches the lowest energy components
of the absorption spectrum (Fig. 1). Its intensity decreases
partially within 10ms and then remains nearly constant at
longer time. A positive band at 548 nm decays entirely
with the same kinetics as the transient part of the CF
bleach (time constant 2.1 � 0.1ms). Both this absorption
and the bleach kinetics appear significantly shortened in
aerated solutions. We thus ascribe the 548 nm band to the
CF excited triplet state, T1(CF), which decays by ISC to
the ground state S0(CF). A second absorption signal
centered around 450 nm and superimposed on the blue
side of this T1 absorption, with two peaks at 431 and
474 nm, keeps a constant intensity on the whole
microsecond time range. Its intensity, as well as the
intensity of the residual CF bleach observed after decay of
T1, is not sensitive to the presence of oxygen. The position
of this absorption is typical of the open form (mer-
ocyanine) species, S0(OF). Its kinetic stability during the
decay of T1(CF) indicates that the ring-opening process
occurs exclusively from the S1 state, that is, the T1 state of
CF does not contribute to the photochromism of 3. ISC is
thus a deactivation route of S1(CF) competing with the
photochromic reaction.


Let’s consider now the spectral evolution in the
picosecond time domain. Figure 5 shows transient
absorption spectra recorded in the 390–770 nm region
at different time delays from 2 to 50 ps following 383 nm
excitation of 3 (2.5� 10�4M) in acetonitrile. An initial
broad band extending as far as 650 nm and showing a
sharp maximum at 425 nm, truncated on its high
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Figure 5. Transient absorption spectra (390–770 nm) of 3
(2.5� 10�4M) in acetonitrile at different time delays from 2
to 50 ps after 0.15 ps pulse excitation at 383 nm. Inset:
enlargement of the 50 ps spectrum. The vertical arrow
indicates the signal evolution


Scheme 3. Schematic representation of the relaxation pro-
cesses after UV excitation of 3 in acetonitrile


Figure 6. Transient absorption spectra recorded at different
time delays after a 7 ns pulse excitation at 355 nm
of a N2-purged solution of 3 (OD¼ 1 at 355 nm) in cyclo-
hexane. (A) raw spectra; (B) spectra processed by subtracting
the 64ms spectrum at all times. Vertical arrows indicate the
signal evolution
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frequency side by the 400 nm filter used to stop the pump
excitation light, and a shoulder around 500 nm, decays
with a time constant of 3.6� 0.4 ps. After complete
decay, a residual spectrum is observed at 50 ps (inset of
Fig. 5), characterized by a band peaking at 542 nm and a
shoulder around 445 nm. No further spectral evolution is
perceptible from 20 to 1500 ps. The 50 ps spectrum
matching approximately that observed at 0.36ms (Fig. 4),
the 542 nm band and 445 nm shoulder seen at 50 ps can be
readily ascribed, by analogy, to the T1 state of CF and
ground state of OF, respectively, produced concurrently
from S1(CF). The somewhat weaker intensity of the
T1(CF) band relative to the S0(OF) band in the 0.36ms
spectrum compared to the 50 ps spectrum is consistent
with the fact that partial decay of T1(CF) is expected on
this time interval whereas S0(OF) is stable. It can also
result from some variation of the relative efficiency of the
ISC and ring-opening processes on changing the pump
excitation from 355 nm (nano-microsecond experiment)
to 383 nm (femto-picosecond experiment). The initial
broad spectrum observed at 2 ps in Fig. 5 is likely due to
the S1(CF) state, precursor of T1(CF) and S0(OF). This
spectrum shows manifest analogies with that ascribed
above to the CF S1 state of 2 (band maximum in the blue
region, broad shoulder at 500–550 nm) but the S1 lifetime
is much longer in the case of 3. This longer S1 lifetime
reveals a higher excited state barrier toward the ring
opening coordinate, which is consistent with the fact that
T1(CF) is produced concurrently with the OF species. It
can also explain the observation that the yield of the OF
species, as roughly estimated from the intensity of the
�450 nm absorption band at 50 ps relative to the intensity
of the initial S1(CF) absorption, appears much lower in 3
than in 2. The overall photoinduced processes for 3 in
acetonitrile are summarized in Scheme 3.


In cyclohexane, the spectra recorded in the 0.5–64ms
domain (Fig. 6, part A) show, as in acetonitrile, a negative
bleach band below 400 nm due to the CF ground state

Copyright # 2007 John Wiley & Sons, Ltd.

depletion, a transient absorption band at 540 nm
corresponding to the T1(CF) state and a long-lived
absorption band at 450 nm corresponding to S0(OF). An
additional transient absorption band is observed at
631 nm, which is, as the 630 nm band found in the
case of 2, absent in the spectra recorded upon excitation
with femtosecond laser pulses. In deaerated solutions, the
540 and 631 nm bands decay with two different single
exponential kinetics with time constants of 2.7� 0.1 and
5.0� 0.1ms, respectively. The kinetics are both signifi-
cantly shortened in the presence of oxygen. These
absorption bands can thus be ascribed to two distinct
excited triplet states. One notes moreover in Fig. 6 (part
A) a weak increase in absorption on the blue side of the
merocyanine band, around 420 nm, from 0.5 to 64ms. At
30ms, after complete decay of the 540 and 631 nm bands,
only the S0(OF) absorption at 450 nm and the correspond-
ing CF bleach below 400 nm remain present and no
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Scheme 4. Schematic representation of the relaxation pro-
cesses after UV excitation of 3 in cyclohexane
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further spectral evolution is detected in the microsecond
time domain. Subtracting the final spectrum (64ms) to all
spectra leads to the spectral evolution shown in Fig. 6,
part B. It is characterized by the decay of the 540 and
631 nm positive bands and of two negative signals in the
300–380 and 380–450 nm ranges. As discussed above, the
former characterizes the CF bleach and decays with
the same kinetics as the CF triplet band at 540 nm. This
kinetics (2.7ms) corresponds thus to the ground state
repopulation of the CF species from its T1 state, as in
acetonitrile. The negative band in the 380–450 nm range
is lying at the position of the S0(OF) absorption and
decays with the same kinetics as the triplet band at
631 nm. According to these observations, we ascribe the
631 nm absorption to the triplet state of the OF species,
T1(OF), produced exclusively upon nanosecond exci-
tation, as in the case of 2, by a sequential two-step
process: the S0(OF) species just produced on excitation of
the CF molecule is immediately reexcited to the triplet
state T1(OF) by the same laser pulse, causing a S0(OF)
bleach. This bleach signal is clearly evidenced by the
negative band in the 380–450 nm range in Fig. 6, part B.
Repopulation of S0(OF) from the decay of T1(OF) (5ms
kinetics) manifests itself by the annihilation of this bleach
signal. It also corresponds to the increase in absorption
observed around 420 nm in Fig. 6, part A. Scheme 4
summarizes the whole reaction pathway in cyclohexane.
It is clear on this scheme that reexcitation of the OF
species has no chance to occur in the femtosecond
measurements since the time of formation of this species
(6 ps) is much longer than the laser pulse duration
(150 fs).


The reason why the sequential two-step formation of
the OF triplet state does not occur in acetonitrile is not
clear. A possible explanation could be a solvent
dependent ordering of the OF lowest excited singlet
and/or triplet states with, for instance, an inversion of
close-lying np� and pp� states on going from polar to
nonpolar solvents modifying strongly the yield of ISC.

CONCLUSIONS


The above results demonstrate that, in both the 2 and 3
compounds, the cleavage of the geminal diaryl carbon –

Copyright # 2007 John Wiley & Sons, Ltd.

oxygen single bond yielding the merocyanine form
(photochromic route) occurs in the excited S1 state, as in
the parent molecule 1. In the nitro compound, the reaction
is in strong competition with the intersystem crossing
(S1!T1) deactivation route. However, the triplet state is
not involved in the photochromism. The absorption
maximum of the OF species is slightly red-shifted in
going from 1 (420 nm15,19) to 2 and 3 (450 nm), then to 4
(485 nm20). This shift parallels an increase in size of the p
skeleton of the chemical group substituted in position 8,
which suggests that there is some p delocalization
between this group and the naphthopyran chromophore in
the OF structure. Finally, an additional O2 sensitive
transient absorption band, ascribed to the OF triplet state
produced by sequential two-step process, is observed in
cyclohexane solvent exclusively upon nanosecond exci-
tation. This reaction has been accounted for by the fact
that the lifetime of the OF form produced from excitation
of the CF molecule by a nanosecond laser pulse is much
shorter than the duration of this pulse, which allows the
OF form to be also excited by late photons of the same
laser pulse.
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ABSTRACT: The gas phase thermal decarbonylation of a,b-unsaturated aldehydes E-2-butenal and
E-3-phenyl-2-methylpropenal was studied in a static system over the temperature range 380.5–490.0 8C and pressure
range 55.5–150 Torr. The reactions are homogeneous and unimolecular and obey a first-order rate law. The rate
coefficient is represented by the following Arrhenius equations:


E�2�Butenal : log k1 ðs�1Þ ¼ ð13:18 � 0:16Þ � ð212:0 � 2:0Þ kJ mol�1ð2:303 RTÞ�1

Þ ¼ ð13:23 � 0:22Þ � ð234:6 � 3:2Þ kJ mol�1ð2:303 RTÞ�1


E�3�phenyl�2�methylpropenal : log k1 ðs�1

The elimination products of 2-butenal are propene and CO gas, while 3-phenyl-2-methylpropenal produces
a-methylstyrene, cis-trans-b-methylstyrene, indan, and CO gas. Kinetic and thermodynamic parameters suggest
these elimination reactions to proceed through a three-membered cyclic transition state type of mechanisms. However,
a two steps mechanisms for the formation of a carbene type of intermediate through a four-membered cyclic transition
structure can not be overlooked. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: gas phase elimination; pyrolysis; kinetics; mechanisms; 2-butenal; 3-phenyl-2-methylpropenal

INTRODUCTION


An important type of organic molecules, the aldehydes,
have little been studied in thermal decomposition kinetics
in the gas phase. This fact may be due to their tendency to
oxidize in contact with air and to generally undergo a
complex free radical chain processes.1 Gas phase
pyrolyses of saturated aldehydes such as propionalde-
hyde,2–8 acetaldehyde,9–24 and formaldehyde25–27 at
temperatures of 450–600 8C showed to proceed through
free radical reactions. An aldehyde with the CHO group
attached directly to a p-system, that is, benzaldehyde28–32


at 550–1400 8C was described to undergo a radical
mechanism to produce benzene and CO as primary
products, while biphenyl and hydrogen gas as secondary
products. The only work on the gas phase thermal de-
composition of a b-g-unsaturated aldehyde,

to: G. Chuchani, Centro de Quı́mica, I.V.I.C., Apart
cas 1020-A, Venezuela.
@ivic.ve


07 John Wiley & Sons, Ltd.

2,2-dimethyl- 3-butenal, was reported by Crawford
et al.33 This compound, in a static system at
282–302 8C, yielded 2-methyl-2-butene and carbon
monoxide. Additionally, the kinetic isotope effect of this
elimination reaction gave a kH/kD¼ 2.8 at 296.9 8C (i.e.,
7.2 at 25 8C). This result indicated that the H attached to
the CO group of the aldehyde has been transferred during
the process of decomposition. Since the reaction proved
to be unimolecular and obeys a first-order rate law, the
mechanism was described by a five-membered cyclic
transition state type of mechanism as depicted in
reaction (1)


∆∆


R = H, D


CC


C
R


CH2


HH3C CH3


O


CC


C
R


CH2


HH3C CH3


O


α
β


γ
CCH


H3C


R


CH


HH3C


α
β


γ +  CO (1)


In the paper describing the pyrolysis of benzaldehyde
32

in a flow system described of Grela and Colussi,


2-furaldehyde and 2-butenal were also examined. The

J. Phys. Org. Chem. 2007; 20: 307–312







308 O. Y. CHABÁN ET AL.

2-furaldehyde suggested to proceed via a biradical
mechanism in bond breaking of C2—O or C5—O
[reaction (2)], while 2-butenal was demonstrated to be


a molecular process. 2-Butenal with mixed CHO and
CDO in a ratio of 1:3 yielded the same product ratio. This
means that H or D at the CO of the aldehyde are
transferred to the b-position through a 1,2-migration.
Therefore, the mechanism of gas elimination of 2-butenal
suggested a concerted three-membered cyclic transition
state structure as shown in reaction (3).


In view of little information on the thermolysis of
a-b-unsaturated aldehydes, the present work aimed at
examining in a static system, under homogeneous and
molecular conditions, the gas phase elimination kinetics
of 2-butenal and 3-phenyl-2-methylbutenal and to
consider a reasonable mechanism of these reactions

RESULTS AND DISCUSSION


E-2-Butenal


The gas phase molecular elimination of this aldehyde was
determined between the temperature range of 380.5 and
430.5 8C and pressure range of 55.5–150 Torr. The
theoretical stoichiometry described in reaction (4)
demands Pf/P0¼ 2.0, where Pf and P0 are the final and
initial pressures,


∆∆
+  COC C


H


H


H3C


CHO


C C


H


H


H3C


H
(4)


respectively. The average experimental results Pf/P0 at
four different temperatures and 10 half-lives for 2-butenal
is 1.9 (Table 1). Additional examination of stoichiometry
(4), up to 68% decomposition, was obtained by

Table 1. Ratio of final (Pf) to initial pressure (P0) of the substrat


Compound Temperature (8C)


E-2-Butenal 400.0
–– 410.3
–– 420.3
–– 430.5
E-3-Phenyl-2-methylpropenal 470.2
–– 480.2
–– 490


Copyright # 2007 John Wiley & Sons, Ltd.

comparing the pressure measurements with the quanti-
tative GLC analysis of olefin formation (Table 2).


The homogeneity of the reaction was studied by using a
vessel with a surface-to-volume ratio 6 relative to the
normal vessel, which had an S/V¼ 1 (Table 3). The
packed and unpacked clean Pyrex vessels and the packed
and unpacked Pyrex vessels seasoned with allyl bromide
had no marked effect on the rate coefficients. The effect of
the free radical inhibitor is described in Table 4. The
kinetic determinations were carried out in the presence of
at least 2 equivalent of toluene in order to suppress any
possible free radical chain process of the substrate and/or
products. No induction period was observed and the rates
were reproducible with a relative standard deviation not
greater than 5% at a given temperature.


The rate coefficients for the elimination reaction
calculated from k1 ¼ �ð2:303=tÞlog½ð2P0 � PtÞ=P0Þ�
were shown to be independent of the initial pressure of
the substrate (Table 5), and the first-order plots of
log½ð2P0 � PtÞ� against time t are linear up to 68%
reaction. The temperature dependence of the rate
coefficients and the corresponding Arrhenius equation
is described in Table 6 (90% confidence limits from a
least-squares procedure).

E-3-Phenyl-2-methylpropenal


The elimination kinetics of E-3-phenyl-2-methylpropenal
was examined in the temperature range of 440.6–490.0 8C
and pressure range of 62–142 Torr. The stoichiometry of
reaction (5) requires


∆∆
+  CO


C C


CH3


H CHO


(5)
Olefin isomers


C9H10


Pf¼ 2P0. The actual average experimental value of Pf/
P0 at several different temperatures and 10 half-lives is
2.0 (Table 1). Additional verification of stoichiometry (5),
up to 56% reaction, gave a good agreement between the
extent of decomposition as predicted from pressure

e


P0 (Torr) Pf (Torr) Pf/P0 Aver.


96 178 1.9 1.9
101 184.5 1.8 ––
96 188.5 2.0 ––


100.5 204 2.0 ––
103.2 203 2.0 2.0
92 186.5 2.0 ––
99.9 204.5 2.1 ––
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Table 2. Stoichiometry of the reaction


Substrate Temperatures (8C) Parameter Value


E-2-Butenal 410.3 Time (min) 7 10 12 15 20
–– –– Reaction (%) (pressure) 32.8 43.4 51.5 56.3 68.3
–– –– Olefin (%) (GLC) 31.6 42.6 51.7 55.7 68.7
E-3-Phenyl-2-methylpropenal 470.2 Time (min) 6 10 15 20 35
–– –– Reaction (%) (pressure) 18.4 27.1 36.9 46.0 56.2
–– –– Olefin (%) (GLC) 18.7 25.2 34.5 45.2 55.2


Table 3. Homogeneity of the elimination reactions


Substrate S/V (cm�1)a k1� 104 (s�1)b k1� 104 (s�1)c


E-2-Butenal at 410.3 oC 1 9.75 9.60
6 9.77 9.71


E-3-Phenyl-2-methylpropenal at 470.2 oC 1 5.73 5.66
6 5.75 5.72


a S, surface area; V, volume.
b Clean Pyrex vessel.
c Vessel seasoned with allyl bromide.


Table 4. Effect of free radical suppressor toluene on rates


Substrate Temperature (8C) Ps (Torr) Pi (Torr) Pi/Ps k1� 104 (s�1)


E-2-Butenal 410.3 103.5 — — 11.4
–– –– 104 56.5 0.5 9.72
–– –– 150 151 1.0 9.67
–– –– 99 159 1.6 9.52
–– –– 97.5 197.5 2.0 9.71
–– –– 100 245 2.5 9.51
–– –– 107 307 2.9 9.65
–– –– 101.5 346 3.4 9.74
E-3-Phenyl-2-methylpropenal 470.2 92 — — 7.56
–– –– 80.8 102 1.3 5.74
–– –– 79.7 183.5 2.3 5.76
–– –– 99.1 298 3.0 5.58
–– –– 79.4 327 4.1 5.64
–– –– 79.4 411 5.2 5.53


Ps, pressure substrate; Pi, pressure inhibitor.


Table 5. Invariability of the rate coefficients with initial pressure


Substrate Temperature (8C) Parameters Value


E-2-Butenal 410.3 P0 (Torr) 55.5 82 94 108.5 130 150
–– –– k1� 104 (s�1) 9.77 9.72 9.66 9.58 9.74 9.67
E-3-Phenyl-2-methylpropenal 470.2 P0 (Torr) 62.7 79.4 86.4 91 108.8 142.3
–– –– k1� 104 (s�1) 5.65 5.53 5.63 5.64 5.67 5.72


Table 6. The variation of the rate coefficients with temperatures


Substrate Parameters Value


E-2-Butenal Temperature (8C) 380.5 390.5 400.0 410.3 420.3 430.5
–– k1� 104 (s�1) 1.70 3.22 5.51 9.60 16.40 27.40


Rate equation log k1ðs�1Þ¼ ð13:18� 0:16Þ � ð212:0 � 2:0Þ kJmol�1 ð2:303RTÞ�1
, r¼ 0.9998


E-3-Phenyl-2-methylpropenal Temperature (8C) 440.6 450.7 460.2 470.2 480.2 490.0
–– k1� 104 (s�1) 1.19 1.92 3.38 5.66 9.15 15.20


Rate equation log k1ðs�1Þ¼ ð13:23� 0:22Þ � ð234:6 � 3:2Þ kJmol�1 ð2:303RTÞ�1
, r¼ 0.9996
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Table 7. Distribution of olefins at different percentages of the reaction at 470.2 8C


t (min) % reaction a-Methylstyrene Cis-b-methylstyrene Trans-b-methylstyrene Indan


6 18.7 30.8 14.3 41.4 13.5
10 25.2 27.9 13.7 41.9 16.6
15 34.5 29.7 12.9 44.2 13.3
20 45.2 29.0 13.7 43.2 14.1
–– Average 29.4 13.7 42.7 14.4
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measurements and the sum of quantitative chromato-
graphic analyses of olefin products (Table 2).


The products formation of this substrate within the rate
of coefficient determinations at different reaction
percentages were analyzed at 470.2 8C (Table 7). As
the extent of the reaction increases, the olefin distribution
are nearly constant. This result appears to be due to the
very rapid isomerization of the b-methylstyrene product.
Moreover, Table 8 describes how the temperature
influences, at 50% reaction, the process of olefin
isomerization.


To give support to the above consideration, the
equilibrium process of these products were verified by
the approximate calculations using thermodynamic group
additivity table34 at 470.2 8C (743.35 K) (Table 9).


Tests for surface effects on the rate of elimination, the
packed and unpacked clean Pyrex vessels, and the packed
and unpacked Pyrex vessels seasoned with allyl bromide
showed no effect, and the reaction may be said to be
homogeneous in nature. The effect of different pro-

Table 8. Distribution of olefins at different temperature


Temperature (8C) a-Methylstyrene Cis-b-met


440.6 25.8 14
470.2 29.7 12
490.0 32.4 12


Table 10. Kinetic and thermodynamic parameters at 440.6 8C


Substrate
k1� 104


(sec�1)
Ea


(kJ mol�1)


E-2-Butenal 46.5 212.0� 2.0 1
E-3-Phenyl-2-methylpropenal 1.19 234.6� 3.2 1


Table 9. Equilibrium mixtures from thermodynamic additivity34


Temperature (8C) a-Methylstyrene Cis-b-met


470.2 12.1 38


Copyright # 2007 John Wiley & Sons, Ltd.

portions of the free radical inhibitor toluene is given in
Table 4. This reaction has also been carried out in the
presence of at least 2 equivalent of suppressor so as to
inhibit any possible free radical chain process of the
substrate and/or products. No induction period was
observed and the rates were reproducible with a relative
standard deviation not greater than 5% at a given
temperature.


The first-order rate coefficients of this aldehyde,
calculated from k1¼� ð2:303=tÞlog½ð2P0 � PtÞ=P0Þ�
were found to be independent of the initial pressure of
the substrate (Table 5). A plot of log [(2 P0�Pt)] versus
time t gave a good straight line up to 55% decomposition.
The variations of the rate coefficient are described in
Table 6. The results given in Table 6 lead, by using the
least square procedure and 90% confidence limits, to the
shown Arrhenius equation.


According to the kinetic and thermodynamic
parameters of Table 10, the small negative value of the
entropy of activation DSz, together with the frequency

hylstyrene Trans-b-methylstyrene Indan


.2 49.6 10.4


.9 44.2 13.3


.8 41.4 13.4


log A
(sec�1)


DSz


(J mol�1 K�1)
DHz


(kJ mol�1)
DGz


(kJ mol�1)


3.18� 0.16 �8.2 209.7 215.5
3.23� 0.22 �7.1 228.7 233.8


at 470.2 8C (743.35K)


hylstyrene Trans-b-methylstyrene Indan


.8 34.9 14.2
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factor of log A values (Table 10) of 13.18 and 13.23
implies a transition state of these elimination reaction of
three- or four-membered cyclic structure.34 Of these two
structures, the most reasonable hypothesis is the
concerted semi-polar three-membered cyclic transition
state structure as described in reaction (6).


This assumed mechanism may find support from the


pyrolytic elimination of E-2-butenal in a flow system,
with Ea¼ 249.7 kJ/mol and log A¼ 13.5 at 770–900 8C,
proposed by Grela and Colussi.32 Otherwise, the
formation of a four-membered cyclic transition structure
[reaction (7)] may not be overlooked and implies the
formation of a carbene type of intermediate and CO gas.
Such intermediate may undergo a 1,2-hydrogen migration
through a three-membered cyclic transition state to give
the corresponding olefin.


Because of resonance interaction towards the aromatic


nuclei in 3-phenyl-2-methylbutenal of reaction (6), the
electrons at the C——C adjacent to the CHO are less
available when compared to the electron release of the
methyl group towards the C——C in 2-butenal. This fact
appears to cause to E-2-butenal to be faster in rate of
decarbonylation than E-3-phenyl-2-methylbutenal
(Table 10).

EXPERIMENTAL


The substrates E-2-butenal (Acros, 99.0% purity) and
E-3-phenyl-2-methylpropenal (Acros, 99.8% purity)
were used (GC-MS: Saturn 2000, Varian 3600X, with
a DB-5MS capillary column 30 m� 0.25 mm. i.d.,
0.25mm film thickness). The quantitative chromato-
graphic analyses of olefin products were determined by
using a Gas Chromatograph Varian 3600X, with a
DB-5MS capillary column 30 m� 0.53 mm. i.d., 1.5mm
film thickness. The identification of the product was made

Copyright # 2007 John Wiley & Sons, Ltd.

by comparing with true authentic samples bought from
Aldrich and in a GC-MS (Saturn 2000, Varian 3600�
with a DB-5MS capillary column 30 m� 0.25 mm. i.d.,
0.25mm).

Kinetics


The kinetic determinations were carried out in a static
reaction system as described before.35–37 At each
temperature, six to nine runs have been carried out in
our experiments. The rate coefficients for the decompo-
sition was calculated from the pressure increase
manometrically. The temperature was maintained with-
in� 0.2 8C through control with a Shinko DIC-PS 23TR
resistance thermometer and was measured with a
calibrated iron–constantan thermocouple. No tempera-
ture gradient was observed along the reaction vessel. The
substrates were all injected directly into the reaction
vessel with a syringe through a silicone rubber septum.
The amount of substrate used for each reaction was �
0.05–0.1 mL.
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ABSTRACT: We present a detailed study of the structural, electronic, and optical properties of the bis-dipolar
emissive oligoarylfluorenes, OF(2)Ar-NPhs. The aim of our quantum-chemical calculations is to investigate the role of
the transition and the influence of the optical properties of the various central aryl cores in the oligoarylfluorenes.
Geometry optimizations were performed for the ground-state and for the first electronically excited-state. The
absorption and emission spectra were calculated using time-dependent density functional theory (TD-DFT). The
results show that the HOMO, LUMO, energy gap, ionization potentials (IP), electron affinities (EA) and reorganiza-
tion energy (l) of the oligoarylfluorenes are significantly affected by the electronic withdrawing property and the
conjugated length of the central aryl core. Consistently, the stronger the electron withdrawing strength, the lower the
LUMO energy is. This thus improves the electron-accepting and transporting properties by the low LUMO energy
levels. The absorption and emission spectra of this series of bis-dipolar molecules exhibit red shifts to some extent by
the electronic nature of the electron affinitive central core in the oligoarylfluorenes. All the calculated results show that
the oligoarylfluorenes are promising as useful light emitting materials for OLEDs. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: oligoarylfluorenes; IP; EA; TD-DFT

INTRODUCTION


Phenyl-based p-conjugated oligomers constitute an active
component of organic light emitting diodes (OLEDs)
since they exhibit unique and interesting optoelectronic
properties.1–3 As a result, over the past few years, a wide
range of functionalized p-conjugated oligomers have been
designed and synthesized to tune the desirable optical and
electronic properties and to enhance the processing and
morphological properties.4–6 Among these oligomers,
oligofluorenes, which consist of an important class of
p-conjugated oligomers, are extensively explored for
optoelectronic and photonic applications in terms of their
electroluminescence,7–9 liquid crystalline,10,11 and two-
photon absorption properties.12 It is well known that the
device performance of OLEDs depends on the efficient

to: J.-K. Feng, State Key Laboratory of Theoretical
al Chemistry, Institute of Theoretical Chemistry, Jilin
gchun 130023, People’s Republic of China.
yahoo.com
sed: D, dibutylfluorene; p, diphenylamino; A, aro-
, HOMO–LUMO gap; Eg, optical band gap; IPi,
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and balanced charge injection, good and comparable
mobility for both holes and electrons, and a high
luminescence quantum yield.13–16 Although fluorene-
based oligomers show great potential as highly stable and
efficient blue emissive materials for OLEDs, a large
hole-injection barrier often limits its device efficiency.


Recently much effort has been devoted by Wong and
others17–24 in the phenyl-based p-conjugated oligomers,
especially the oligomers with end-capping of dipheny-
lamino groups. Wong and Tao report first a series of
bis-dipolar emissive oligoarylfluorenes17 that bear an
electron affinitive core, dibutylfluorene as conjugated
bridges, and diphenylamino as end-caps constituting
D–p–A–p–D type bis-dipolar molecules, which have a
low first ionization potential, high thermal stability, and
good amorphous morphological stability. Moreover, these
bis-dipolar oligoarylfluorenes possess no or a very small
net dipole moment and good luminescence properties that
their emissive colors can span almost the full UV–Vis
spectrum through incorporating different central aryl such
as phenylene, oligothiophenes, dibenzothiophene, etc.
Therefore, these oligoarylfluorenes are promising for
application in OLEDs as efficient emitters.
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Figure 1. Sketch map of the structures of OF(2)Ar-NPhs.
(ChemDraw Ultra 8.0)
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In parallel to recent experimental work on the
oligomers, theoretical efforts have indeed begun to
constitute an important source of valuable information,
complementing the experimental studies in the charac-
terization of the nature and the properties of the ground-
states and lowest electronically excited states.25–30 In fact,
this type of molecular design or emissive materials
applied in OLED applications is largely unexplored,
therefore it seems an attractive goal for us to perform a
detailed theoretical investigation on these oligoarylfluor-
enes. Here, we studied in detail a series of bis-dipolar
diphenylamino-endcapped oligoarylfluorenes, OF(2)Ar-
NPhs (the sketch map of the structures is depicted in
Fig. 1) by density functional theory (DFT) methods. The
theoretical investigation on the ionization potentials (IP),
electron affinities (EA), and band gaps of these
oligoarylfluorenes is very instrumental in guiding the
experimental synthesis. In particular, the influence of
substitution and chain-length effect on various optical and
electronic properties is the topic of the present work.

COMPUTATIONAL DETAILS


The ground-state geometries of oligoarylfluorenes, as
well as their cationic and anionic geometries, were fully
investigated using the DFT, B3LYP/6-31G(d). Geometry
optimizations in OF(2)Ph-NPh and OF(2)DTP-NPh were
restricted to Ci symmetry. TD-DFT//B3LYP/6-31G(d)
calculations of the vertical excitation energies and the
maximal absorption wavelengths labs were then per-
formed at the optimized geometries of the ground-states.
The lowest singlet excited-state structures were carried
out with ab initio CIS/3-21G(d). Based on the excited
geometries, the emission spectra were calculated by
TD-DFT//B3LYP/6-31G(d). In addition, the various pro-
perties of the oligoaryfluorenes, such as IP, EA, reorgani-
zation energy (l), HOMO–LUMO gap (DH–L), and
optical band gap (Eg), are obtained from the computed
results and compared to the available experimental data.

Copyright # 2007 John Wiley & Sons, Ltd.

All calculations were done on the SGI origin 2000 server
with the Gaussian03 program package.31

RESULTS AND DISCUSSION


Ground-state geometry


The optimized structures of OF(2)Ar-NPhs are plotted in
Fig. 2 and the important interring bond lengths, dihedral
angles and dipole moments of OF(2)Ar-NPhs are
collected in Table 1. In contrast to the oligoarylfluorenes
in the literature,17 OF(2)Ar-NPhs studied in this paper
substitute butyl with methyl in fluorene rings for reducing
the time of calculation.


The calculated results show that the optimized
structures of dibutylfluorenes (D) and diphenylaminos
(p) in OF(2)Ar-NPhs do not suffer appreciable variation.
In fact, because the dihedral angle between the two
phenyl rings in the fluorene segment of the diphenyla-
minos is fixed by ring-bridged atoms, which tend to keep
their normal tetrahedral angles in their ring linkage to
keep their quasi-planar conformation, the dihedral angles
in them are no more than 18.32 The bond lengths and
dihedral angles between D and p are similar and the main
difference occurs between the two adjacent units, p and A
in OF(2)Ar-NPhs, especially for the dihedral angles. It
can be noted that the A–p dihedral angle twists largely
from �36.5 to �42.88, �49.08 among OF(2)Ph-NPh,
OF(2)Ph(CN)-NPh, and OF(2)Ph(NO2)-NPh, attributing
to the electronic withdrawing properties and increasing
steric hindrance by the addition of cyano and nitro subs-
tituents on the central phenyl core. Increasing thiophene
chain length in OF(2)TP-NPh, OF(2)PhDTP-NPh, and
OF(2)PhTTP-NPh leads to only small changes in the
inter-ring distances and dihedral angles. Comparing
OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-NPh, and OF(2)FP-NPh,
one can easily find that the bond lengths and the dihedral
angles between p and A decrease basically in the
sequence of OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-NPh
and OF(2)FP-NPh. Importantly, the dihedral angles in
OF(2)FP-NPh are nearly 08. It reveals that OF(2)FP-NPh
has the best planar conformation due to the strong
push–pull effect between fluorene ring and furan ring, or
it could also be explained as due to a weak interaction
between the hydrogen atom of the fluorene ring and the
oxygen atom in the furan ring. Furthermore, OF(2)Ar-
NPhs have a better planar conformation when the central
aryl cores are the five-membered rings, resulting from
relieving unfavorable steric interactions of the hydrogen
atoms between the aromatic rings in OF(2)Ar-NPhs.


As shown in Table 1, the dipole moments of OF(2)Ar-
NPhs are small except OF(2)Ph(CN)-NPh and OF(2)Ph
(NO2)-NPh. The dipole moments of OF(2)Ph(CN)-NPh
and OF(2)Ph(NO2)-NPh are 4.17D and 4.11D, respect-
ively, and this can be ascribed to the influence of the
electronic withdrawing groups on the central phenyl core.
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Figure 2. Optimized structures of OF(2)Ar-NPhs(1: OF(2)Ph-NPh, 2: OF(2)TP-NPh, 3: OF(2)PP-NPh, 4: OF(2)FP-NPh, 5:
OF(2)Ph(CN)-NPh, 6: OF(2)Ph(NO2)-NPh, 7: OF(2)DTP-NPh, 8: OF(2)TTP-NPh). (GaussView 3.07)
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Frontier molecular orbitals


To gain insight into the excitation properties and the
ability of electron or hole transport, we have drawn in
Fig. 3 the HOMOs and LUMOs of OF(2)Ar-NPhs. In fact,
the first dipole-allowed electron transitions present a
strong exclusive HOMO!LUMO character for
OF(2)Ar-NPhs (see Subsection ‘Absorption spectra’).
As expected, the frontier orbitals show p characters and
spread over the whole conjugated molecules. In general,
the HOMO possesses bonding character and the LUMO
holds antibonding character. However, there is antibond-
ing interaction between the two adjacent subunits (D and
p, p and A) in the HOMO and bonding interaction in the
LUMO, which indicates that the singlet excited states
(HOMO!LUMO) for OF(2)Ar-NPhs should be more
planar than their ground-states. It is important to note that

Table 1. Optimized important interring distances and dihedral a


Molecule


Interring distances (Å)


D–p p–A A–p p–D


OF(2)Ph-NPh 1.421 1.483 1.483 1.421
OF(2)TP-NPh 1.420 1.465 1.465 1.421
OF(2)PP-NPh 1.421 1.459 1.459 1.421
OF(2)FP-NPh 1.421 1.453 1.454 1.421
OF(2)Ph(CN)-NPh 1.419 1.482 1.483 1.420
OF(2)Ph(NO2)-NPh 1.419 1.482 1.485 1.420
OF(2)DTP-NPh 1.420 1.463 1.463 1.420
OF(2)TTP-NPh 1.420 1.463 1.463 1.420


aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.


Copyright # 2007 John Wiley & Sons, Ltd.

the electronic cloud distributed in the frontier orbitals of
OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh have chan-
ged much more when employed the electronic with-
drawing groups on the central phenyl core. Their HOMO
orbitals are mainly localized on the right part of the
p-conjugated molecules but LUMO orbitals on the
central phenyl core. This suggests that the excitation to
the S1 state corresponding to the promotion of an electron
from the HOMO to the LUMO is accompanied with the
charge transfer from the right part of the molecules to the
central phenyl core.


The calculated HOMO and LUMO levels are presented
in Table 2 together with the experimental results. As
shown in Table 2, the HOMO energies of OF(2)Ar-NPhs
do not alter much on increasing the electronic with-
drawing strength or the conjugated length of the central
aryl core and the average variation is no more than 0.2 eV.

ngles of OF(2)Ar-nphs with B3LYP/6-31G(d)a


Dihedral angles (deg.)


Dipole moment (D)D–p p–A A–p p–D


�41.2 36.5 �36.5 41.2 0.00
�42.0 23.8 �27.2 41.3 0.41
�41.0 24.3 �21.7 42.4 1.23
�41.9 �1.5 0.3 41.6 0.54
�39.9 36.7 �42.8 40.9 4.17
�39.7 35.5 �49.0 40.8 4.11
�40.7 24.2 �24.2 40.7 0.00
�41.5 23.6 �25.6 40.7 0.46
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Table 2. Comparison between the experimental and calculated HOMO, LUMO energies, HOMO–LUMO Gaps and the lowest
excitation energies in eV for OF(2)Ar-nphsa


Molecule �eHOMO Expb �eLUMO Expc DH–L Eg(TD) Expd


OF(2)Ph-NPh 4.76 5.17 1.28 2.15 3.48 3.08 3.02
OF(2)TP-NPh 4.68 5.14 1.50 2.39 3.18 2.80 2.75
OF(2)PP-NPh 4.53 1.25 3.28 2.88
OF(2)FP-NPh 4.58 1.44 3.14 2.77
OF(2)Ph(CN)-NPh 4.86 1.61 3.25 2.90
OF(2)Ph(NO2)-NPh 4.85 2.08 2.77 3.07
OF(2)DTP-NPh 4.66 5.12 1.73 2.51 2.93 2.58 2.61
OF(2)TTP-NPh 4.65 5.11 1.89 2.60 2.76 2.43 2.51


a The HOMO and LUMO energies are given in negative and the experimental data (Exp) are taken from Ref. 17.
bE1/2 versus Fc


þ/Fc estimated by CV method using a platinum disk electrode as a working electrode, platinum wire as a counter electrode, and SCE as a
reference electrode with an agar salt bridge connecting to the oligomer solution. Ferrocene was used as an external standard, E1/2 (Fc/Fcþ) 0.45V versus SCE.
c LUMO¼HOMO-energy gap.
d Energy gap was estimated from the absorption edge.


Figure 3. Plots of HOMO and LUMO(calculated at the B3LYP/6-31G(d) level) of OF(2)Ar-NPhs(1: OF(2)Ph-NPh, 2: OF(2)TP-NPh,
3: OF(2)PP-NPh, 4: OF(2)FP-NPh, 5: OF(2)Ph(CN)-NPh, 6: OF(2)Ph(NO2)-NPh, 7: OF(2)DTP-NPh, 8: OF(2)TTP-NPh). (GaussView
3.07)
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This implies that the different central aryl cores have little
effect on weakening the hole-creating properties of
OF(2)Ar-NPhs. Such a high HOMO energy level greatly
reduces the energy barrier for the hole injection. As a
result, OF(2)Ar-NPhs can be used as hole transport/
injection materials.


Unlike the HOMO energies, the LUMO energies of
OF(2)Ar-NPhs change significantly with the different
central aryl cores. The LUMO energies are �1.61 and
�2.08 eV in OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh,
respectively, which are lower than the LUMO energy of
OF(2)Ph-NPh(�1.28 eV), indicating that the presence of
electronic withdrawing groups on the central phenyl core
have significantly enhanced the electron-accepting
ability. It is reasonable that the electronic withdrawing
groups such as cyano and nitro substituents result in
decreasing the LUMO energy. Also the stronger the
electron withdrawing strength, the lower the LUMO
energy is. Furthermore, we also find that the LUMO
energies decrease with increasing thiophene chain length
in OF(2)TP-NPh, OF(2)DTP-NPh and OF(2)TTP-NPh.
Obviously, OF(2)Ar-NPhs are the good electron-
accepting materials.

HOMO–LUMO gaps and the lowest excitation
energies


In this section we present the calculated HOMO–LUMO
gaps and the lowest excitation energies for OF(2)Ar-NPhs
in Table 2. For the sake of comparison, the experimental
data are included as well.


Theoretically, the energy gap of the oligoarylfluorene is
the orbital energy difference between the HOMO and
LUMO, termed the HOMO–LUMO gaps (DH–L).


33–35


Experimentally, there are three types of band gaps,
namely, the optical band gap, electrochemical band gap
and the band gap from a photoelectron spectrum. Among
these band gaps, the optical band gap obtained from
spectra has the lowest transition (or excitation) energy
from the ground-state to the first dipole-allowed excited
state, which is an implicit assumption that the lowest
singlet excited-state can be described by only one singly
excited configuration in which an electron is promoted
from the HOMO to the LUMO. In fact, the optical band
gap is not the orbital energy difference between the
HOMO and LUMO, but the energy difference between
the S0 state and S1 state. Only when the excitation to
the S1 state corresponds almost exclusively to the pro-
motion of an electron from the HOMO to the LUMO, can
the optical band gap be approximately equal to the
HOMO–LUMO gap in quantity. To directly compare the
experiment, we computed the optical band gaps of
OF(2)Ar-NPhs at the TD-DFT level, which are obtained
from the absorption spectra and abbreviated Eg. As
mentioned above, these optical band gaps of OF(2)Ar-
NPhs are the S0!S1 energy gaps.

Copyright # 2007 John Wiley & Sons, Ltd.

For what concerns the transition energies, an overall
glance at Table 2 reveals a better agreement of the Eg with
the experimental data than the DH–L for OF(2)Ar-NPhs.
Namely, the discrepancies between the experimental data
are 0.06, 0.05, 0.03 and 0.08 eV for Eg and 0.46, 0.43,
0.32 and 0.25 eV for DH–L in OF(2)Ph-NPh, OF(2)TP-
NPh, OF(2)PhDTP-NPh and OF(2)PhTTP-NPh. This is
consistent with the analysis above. Although there are
discrepancies between the computed DH–L and the
experimental data, the variation direction is similar.


As mentioned above, our main purpose of this paper is
to investigate the influence of the various electron
affinitive central aryl cores onto the oligoarylfluorenes.
It can be seen from Table 2 that the band gaps of the
oligoarylfluorenes narrowed when modified by the intro-
duction of the electronic withdrawing groups on the
central phenyl core and increasing the thiophene chain
length. For instance, the band gaps obtained by the
HOMO–LUMO gaps and TD-DFT are 3.48 and 3.08 eV
for OF(2)Ph-NPh, 3.25 and 2.90 eV for OF(2)Ph(CN)-
NPh, 3.18 and 2.80 eV for OF(2)TP-NPh, and 2.76 and
2.43 eV for OF(2)PhTTP-NPh. This hints that the LUMO,
HOMO and energy gap of these oligoarylfluorenes are
significantly affected by the electronic withdrawing
property and the conjugated length of the central aryl
core. In other words, we can modify these oligoaryl-
fluorenes by the introduction of the electronic with-
drawing groups on the central aryl core and increasing
chain length.

Ionization potentials and electron affinities


As mentioned in the Introduction, the good device
performance is attributed to the efficient charge injection,
the good charge transfer rate and the comparable balance
of charge transfer in the OLEDs. We use the ionization
potential (IP) and electron affinity (EA) to evaluate the
energy barrier for the injection of holes and electrons and
employ the reorganization energy (l) to value the charge
transfer (or transport) rate and balance in this paper. The
DFT calculated IP, EA, both vertical (v, at the geometry of
the neutral molecule) and adiabatic (a, optimized
structures for both the neutral and charged molecule),
extraction potentials (HEP and EEP for the hole and
electron, respectively) that refer to the geometry of the
ions, and reorganization energy are listed in Table 3. The
relevant calculated detail can be found in Refs 36–38.


To appreciate the influence of the different aromatic
rings in the oligoarylfluorenes on the ionization potential
and electron affinity, we compare OF(2)Ph-NPh,
OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh. The ener-
gies required to create a hole are about 5.5, 5.6, and
5.6 eV, whereas the extraction of an electron from the
anion requires about 0.6, 0.8,and 1.1 eV, respectively.
This implies that the presence of the electronic with-
drawing groups on the central phenyl core does not affect
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Figure 4. Internal reorganization energy for hole transfer.
(ChemDraw Ultra 8.0) This figure is available in color online
at www.interscience.wiley.com/journal/poc


Table 3. IP, EA, extraction potentials and reorganization energies for each molecule (in eV)a calculated by DFT


Molecule IP(v) IP(a) Exp HEP EA(v) EA(a) EEP lhole lelectron


OF(2)Ph-NPh 5.54 5.48 4.77 5.41 0.35 0.56 0.75 0.13 0.40
OF(2)TP-NPh 5.49 5.38 4.74 5.27 0.53 0.77 0.96 0.22 0.43
OF(2)PP-NPh 5.39 5.27 5.14 0.32 0.49 0.65 0.25 0.33
OF(2)FP-NPh 5.43 5.33 5.22 0.47 0.63 0.79 0.21 0.32
OF(2)Ph(CN)-NPh 5.65 5.60 5.54 0.79 0.84 1.05 0.11 0.26
OF(2)Ph(NO2)-NPh 5.65 5.60 5.54 0.77 1.07 1.34 0.11 0.27
OF(2)DTP-NPh 5.43 5.33 4.72 5.20 0.78 0.99 1.18 0.13 0.19
OF(2)TTP-NPh 5.38 5.28 4.71 5.18 0.96 1.16 1.32 0.10 0.16


a The suffixes (v) indicate vertical and adiabatic values, respectively.
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the injection of holes from the anode in light-emitting
diodes but largely decrease the LUMO energies, which
can better stabilize the anions and more easily accept
electrons.


Furthermore, we also compare OF(2)TP-NPh,
OF(2)PhDTP-NPh and OF(2)PhTTP-NPh. It can be seen
that the EA fall more sharply than the IP with increasing
thiophene chain length, which is in accord with the
analysis from the energies of the HOMOs and LUMOs. It
means that the IP (vertical and adiabatic) slightly fall but
the EA (vertical and adiabatic) largely increase the
sequence of OF(2)TP-NPh, OF(2)PhDTP-NPh and
OF(2)PhTTP-NPh. These results further support these
oligoarylfluorenes which can easily be modified or tuned
by the use of various central aryl cores. Experimental
determination of IP values for organic materials is
difficult. It has been suggested by Jenekhe et al. 39,40 that a
fair estimation of IP can be derived from cyclic voltam-
metry by taking IP (eV)¼E ox


onset (vs. SCE)þ 4.4.39,40


Although the IP values for OF(2)Ph-NPh, OF(2)TP-NPh,
OF(2)PhDTP-NPh and OF(2)PhTTP-NPh in the exper-
iment are about 4.7 eV, and lie 0.7 eV lower than the
calculated data, the variation direction is similar.


As we all know, extensive experimental evidence
proves rational that most of the conjugated oligomers and
polymers are assumed to transport charge at room
temperature via a thermally activated hopping-type
mechanism.41–44 The hole-transfer process between
adjacent segments can be summarized as follows:


Mþ þM ! MþMþ


whereM represents the neutral species undergoing charge
transfer and the Mþ species contains the hole. According
to the Marcus/Hush theory,45–48 if the temperature is
sufficiently high to treat vibrational modes classically, the
hole (or electron) charge transfer rate can be calculated
using the following equation, assuming that hole traps are
degenerate:


khole ¼ p


lkb


 !1=2
V2


�h
exp � l


4kbT


� �
(1)


where T is the temperature, kb is the Boltzmann constant,
l is the reorganization energy due to geometric relaxation

Copyright # 2007 John Wiley & Sons, Ltd.

accompanying charge transfer, and V is the electronic
coupling matrix element between the two species,
dictated largely by orbital overlap. Obviously, it can be
seen from the Eqn 1 that the efficient charge transfer
mostly rests with the value of l. The reorganization
energy l (here it is the internal reorganization energy due
to ignoring any environmental relaxation and changes) for
hole transfer can be expressed as follows:44


l ¼ l0 þ lþ ¼ ðE�0 � E0Þ þ ðE�þ � EþÞ (2)


As illustrated in Fig. 4, E0 and Eþ represent the
energies of the neutral and cation species in their lowest
energy geometries, respectively, while E0


� and Eþ
�


represent the energies of the neutral and cation species
with geometries of the cation and neutral species,
respectively. The calculated lhole and lelectron are also
reported in Table 3. The lhole slightly change for
OF(2)Ar-NPhs, but the lelectron decrease in a large
degree. For example, the lelectron varies from 0.40 eV to
0.26 eV, 0.27 eV in OF(2)Ph-NPh, OF(2)Ph(CN)-NPh and
OF(2)Ph(NO2)-NPh and from 0.43 eV to 0.19 eV, 0.16 eV
in OF(2)TP-NPh, OF(2)PhDTP-NPh and OF(2)PhTTP-
NPh. This indicates that the combination with the
electronic withdrawing groups on the central phenyl
core or increasing thiophene chain length will improve
both the electron transfer rate and the charge transfer
balance, thus further enhancing the device performance of
OLEDs.
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Table 4. Electronic transition data obtained by TD-DFT for OF(2)Ar-nphs at the B3LYP/6-31G(d) optimized geometry


Molecule
Electronic
transitions labsmax (nm) Expa f Expa Main configurations


OF(2)Ph-NPh S0!S1 402.75 381 1.95 8.25 HOMO!LUMO 0.67
S0!S2 378.44 0.00 HOMO�1!LUMO 0.67
S0!S3 340.83 0.00 HOMO!LUMOþ1 0.66


OF(2)TP-NPh S0!S1 442.96 390 2.04 7.29 HOMO!LUMO 0.67
S0!S2 400.10 0.03 HOMO�1!LUMO 0.69
S0!S3 352.71 0.05 HOMO!LUMOþ1 0.67


OF(2)PP-NPh S0!S1 430.32 2.15 HOMO!LUMO 0.67
S0!S2 374.72 0.09 HOMO�1!LUMO 0.68
S0!S3 360.14 0.13 HOMO!LUMOþ1 0.67


OF(2)FP-NPh S0!S1 447.92 1.98 HOMO!LUMO 0.67
S0!S2 394.54 0.10 HOMO�1!LUMO 0.68
S0!S3 358.32 0.19 HOMO!LUMOþ1 0.67


OF(2)Ph(CN)-NPh S0!S1 428.87 1.35 HOMO!LUMO 0.68
S0!S2 407.05 0.04 HOMO�1!LUMO 0.69
S0!S3 361.53 0.30 HOMO!LUMOþ1 0.59


OF(2)Ph(NO2)-NPh S0!S1 512.93 0.17 HOMO!LUMO 0.69
S0!S2 481.90 0.02 HOMO�1!LUMO 0.70
S0!S3 404.52 1.36 HOMO!LUMOþ1 0.62


OF(2)DTP-NPh S0!S1 480.48 424 2.45 7.00 HOMO!LUMO 0.67
S0!S2 429.46 0.00 HOMO�1!LUMO 0.69
S0!S3 386.41 0.32 HOMO�2!LUMO 0.67


OF(2)TTP-NPh S0!S1 510.85 441 2.67 6.76 HOMO!LUMO 0.66
S0!S2 453.43 0.02 HOMO�1!LUMO 0.69
S0!S3 414.05 0.28 HOMO�2!LUMO 0.67


aMeasured in CHCl3 (Ref. 17).
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Absorption spectra


We have optimized the geometry to obtain the absorption
spectra of the singlet–singlet electronic transition of
OF(2)Ar-NPhs at the TD-DFT//B3LYP/6-31G(d) level.
Table 4 lists out the transition energies, oscillator
strengths and main configurations for the most relevant
first three singlet excited states in OF(2)Ar-NPhs. It can
be seen that our calculated absorption wavelengths are
higher than the experimental results. This large dis-
crepancy may be related to using a small basis set,
substituting butyl with methyl in fluorene rings for
reducing the time of calculation and neglecting com-
pletely the solvent effects. In addition, although TD-DFT
is a good tool for predicting the absorption spectra of
molecules, this method has defects when studying
extended systems. Frequently, the optical properties
reach saturation quickly for short chain lengths, whereas
the orbital energies continue to change for longer
oligomers. It is known that the exchange–correlation
(XC) functionals must decrease with increasing chain
length.49,50 However, the results can still reflect some
variation trend because the atomic structures of the
molecules are alike and calculated with the same methods
and basis sets.


Obviously, all the electronic transitions contributed
from the oligoarylfluorene core are the p!p� type and
this excitation to the S1 state corresponds almost
exclusively to the promotion of an electron from the
HOMO to the LUMO, except OF(2)Ph(NO2)-NPh. The

Copyright # 2007 John Wiley & Sons, Ltd.

oscillator strength ( f) of the S0!S1 electronic transition
is large in each oligoarylfluorene. The excitation to S3
dominates the promotion of an electron from the HOMO
to the LUMOþ1 in OF(2)Ph(NO2)-NPh, which may result
from the influence of the strong electronic withdrawing
group on the central phenyl core, nitro substituent.


Moreover, we also find in Table 4 that with the chain
length extension the absorption wavelengths increase
progressively in OF(2)TP-NPh, OF(2)PhDTP-NPh, and
OF(2)PhTTP-NPh, presenting the red shifts. This is
reasonable because the HOMO!LUMO transition is
predominant in the S0!S1 electronic transition and, as
the analysis above shows, with the extension of molecular
size, the HOMO!LUMO gaps decrease.

Properties of excited structures
and the emission spectra


In this paper, the excited-state properties of OF(2)Ar-
NPhs were investigated by configuration interaction
singles (CIS) method. We optimize only OF(2)Ph-NPh,
OF(2)TP-NPh, OF(2)PP-NPh, and OF(2)FP-NPh by CIS/
3-21G(d) and compared to their ground structures by HF/
3-21G(d), because the calculation of excited-state pro-
perties requires significantly more computational effort
than is needed for the ground-states and is dramatically
constrained by the size of the molecules. Interestingly, the
main characteristics of the frontier orbitals by HF/
3-21G(d) are the same as those by B3LYP/6-31G(d). For
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Figure 5. Plots of HOMO and LUMO calculated by HF/3-21G(d) and DFT//B3LYP/6-31G(d) levels of OF(2)FP-NPh. (GaussView
3.07)
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example, as shown in Fig. 5, the electronic cloud distri-
buted in the front orbitals is similar. Since the lowest
singlet state corresponds to an excitation from the HOMO
to the LUMO in OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-
NPh and OF(2)FP-NPh, we explore the bond-length
variation by analyzing the HOMO and LUMO. As shown
in Fig. 3, Table 5 and Table 6, the HOMO possesses an
antibonding character between the two adjacent subunits,
D and p or A and p, but the LUMO holds an inter-ring
bonding character, which is also reflected in the short-
ening of the corresponding inter-ring CC distances in the
excited states. For example, the p–A bond length for
OF(2)Ph-NPh in the ground-state is 1.489 Å, but 1.436 Å
in the excited state. These geometrical changes due to
electron excitation can be supported from Ref. 25 where
higher computational levels for the geometry optimiz-
ations in the ground and excited states have been used. In
Ref. 25, the electronic excitation leads to the large
contraction of the inter-ring bonds of methylene-bridged
oligofluorenes.

Table 5. Optimized important interring distances and dihedral a


Molecule


Interring distances (Å)


D–p p–A A–p p–D


OF(2)Ph-NPh 1.422 1.489 1.489 1.422
OF(2)TP-NPh 1.421 1.474 1.474 1.421
OF(2)PP-NPh 1.422 1.466 1.466 1.422
OF(2)FP-NPh 1.421 1.456 1.456 1.421


aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.


Table 6. Optimized important interring distances and dihedral a


Molecule


Interring distances (Å)


D–p p–A A–p p–D


OF(2)Ph-NPh 1.413 1.436 1.436 1.413
OF(2)TP-NPh 1.415 1.411 1.411 1.415
OF(2)PP-NPh 1.417 1.409 1.409 1.417
OF(2)FP-NPh 1.415 1.398 1.399 1.415


aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.


Copyright # 2007 John Wiley & Sons, Ltd.

The dihedral angles between two adjacent units rotate
to some extent, especially between p and A. The p–A and
p–D dihedral angles decrease from 49.88, 44.48 to 16.38,
38.08 in OF(2)Ph-NPh, respectively. In fact, there are
similar structural variations in OF(2)Ph-NPh, OF(2)TP-
NPh, OF(2)PP-NPh, and OF(2)FP-NPh. All the p–A and
A–p dihedral angles are about 08 in OF(2)TP-NPh,
OF(2)PP-NPh and OF(2)FP-NPh. It is obvious that the
excited structure has a better coplanar conformation for
these oligoarylfluorenes. Namely, the conjugation of
these oligoarylfluorenes is better in the excited structures,
which is consistent with the estimation from the character
of the frontier orbitals.


In this study, the emission wavelengths are computed
by TD-DFT//B3LYP/6-31G(d) and the results are com-
pared to the experimental data. The calculated results
show that on going from OF(2)Ph-NPh to OF(2)PP-NPh,
OF(2)FP-NPh and OF(2)TP-NPh the lem exhibits large
red shifts, 466.84< 486.11< 498.74< 517.81 nm and
unexpectedly large Stoke’s shift (about 64, 43, 68, 70 nm,

ngles of OF(2)Ar-nphs with HF/3-21G(d)a


Dihedral angles (deg.)


Dipole
moment (D)D–p p–A A–p p–D


�44.4 49.8 �49.8 44.4 0.00
�43.4 41.2 �41.9 44.3 0.51
�44.0 34.3 �34.3 44.1 1.60
�43.2 0.1 0.0 43.4 0.69


ngles of OF(2)Ar-nphs with CIS/3-21G(d)a


Dihedral angles (deg.)


Dipole
moment (D)D–p p–A A–p p–D


�38.0 16.3 �16.3 38.0 0.00
�38.8 0.0 0.0 38.7 0.50
�41.1 3.9 �3.7 41.1 1.31
�39.3 0.0 0.0 39.2 0.66
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respectively). This is because of a stronger push–pull
effect between the fluorene ring and the central aryl core
or the more planar conformation in the excited states.
Furthermore, similar to absorption spectra, the emission
peaks with the strongest oscillator strength are all
assigned to p!p� character arising from the HOMO
to LUMO transition in the four oligoarylfluorenes.

CONCLUSIONS


A systematic theoretical study has been performed on
fluorene-based oligoarylfluorenes in this work. All the
oligoarylfluorenes show more or less twisted structures
because of the electronic nature of the various central aryl
cores. The frontier molecular orbitals were spread over
thewhole p-conjugatedmolecules. The HOMOpossesses
an antibonding character and the LUMO holds a bonding
character between the two adjacent subunits, which may
explain that the excited-state structures of OF(2)Ar-NPhs
have a better coplanar conformation than the ground-state
structures. Importantly, the introduction of the electronic
withdrawing groups on the central phenyl core or
increasing thiophene chain length resulted in decreased
LUMO energies; consequently, the electron-accepting
ability has significantly enhanced. Excitation to the S1
state corresponds almost exclusively to the promotion of
an electron from the HOMO to the LUMO. The
absorption spectra of OF(2)Ar-NPhs are mainly deter-
mined by the nature of the central aryl cores. Both
employing the electronic withdrawing groups on the
central phenyl core and increasing the thiophene chain
length lead to a red shift of the absorption peak
(corresponding to the HOMO–LUMO p!p� transition).
In addition, the emission of OF(2)Ar-NPhs also appear
red-shifted to some extent.


Finally, the good agreement between the theoretical
results and the experimental data implies that it is possible
to design and tune the color emission of efficient and
potentially useful light emitting materials.
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ABSTRACT: The reaction of electrochemically generated o-benzoquinones (2a-f) as Michael acceptors with
2-acetylcyclohexanone (ACH) and 2-acetylcyclopentanone (ACP), as nucleophiles has been studied in various
pHs using cyclic voltammetry. The results indicate that the participation of o-benzoquinones (2a-f) in the Michael
reaction with acetylcyclohexanone (ACH) to form the corresponding catechol derivatives (4a-f). Based on an EC
mechanism, the homogeneous rate constants were estimated by comparing the experimental cyclic voltammetric
responses with the digital simulated results. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Some electrochemical techniques such as cyclic voltam-
metry, using diagnostic criteria derived by Nicholson and
Shain for various electrode mechanisms and controlled-
potential coulometry, have been used as a powerful
independent route for quantitative characterization of
complex electrode processes.1–4 In addition; general
treatment of the reaction mechanism is probably best
carried out through digital simulations.5


In view of the fact that catechols are a promising group
of compounds worthwhile for further investigation, which
may lead to the discovery of selective acting, biodegrad-
able agrochemicals having high human, animal, and plant
compatibility,6,7 we synthesized a number of new
derivatives of them recently.8 In this direction, for
increasing of available data in electrochemical synthesis
of new catechol derivatives, we have investigated the
electrochemical oxidation of catechols, in the presence of
2-acetylcyclohexanone (ACH) and 2-acetylcyclopen-
tanone (ACP) as CH-acidic nucleophiles. The purpose
of this work is a kinetic and mechanistic study of the
electrochemical oxidation of catechols, in the presence of
ACH and ACP, and the estimation of the observed homo-
geneous rate constants (kobs) of reaction of electroche-
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mically generated o-benzoquinones, with these nucleo-
philes by digital simulation of cyclic voltammograms.

EXPERIMENTAL


Apparatus


Cyclic voltammetry, controlled-potential coulometry, and
preparative electrolysis were performed using a Behpajoh
model BHP-2062 potentiostat/galvanostat. The working
electrode used in the voltammetry experiments was a
glassy carbon disc (1.8 mm diameter), and platinum wire
was used as the counter electrode. The working electrode,
used in controlled-potential coulometry and macroscale
electrolysis was an assembly of eight carbon rods
(68 cm2) and large platinum gauze constituted the counter
electrode. The working electrode potentials were meas-
ured versus SCE (all electrodes from AZAR Electrodes).
The homogeneous rate constants were estimated by
analyzing the cyclic voltammetric responses, using the
DIGIELCH simulation software.9

Reagents


Catechols, ACP, and ACH were reagent-grade materials,
sodium dihydrogen phosphate, disodium hydrogen
phosphate, sodium acetate, and acetic acid were of
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pro-analysis grade from E. Merck. These chemicals were
used without further purification.

RESULTS AND DISCUSSION


Reaction mechanism


The oxidation of catechol (1a), in the presence of ACH as
a nucleophile was studied in some detail. Figure 1 shows
cyclic voltammogram obtained for 1 mM solution of
catechol (1a) in aqueous solution containing 0.2 M
phosphate buffer (pH¼ 6.8). The voltammogram exhibits
one anodic (A1) (at 0.22 V vs. SCE) and the correspond-
ing cathodic peak (C1) (at 0.15 V vs. SCE) which
corresponds to the transformation of catechol (1a) to
o-benzoquinone (2a) and vice versa, within a qua-
si-reversible two-electron process.10–15 In the presence of
1 mM ACH, the height of cathodic peak decreases (Fig. 1,
curve b). In other words, in this condition, the peak
current ratio (IC1


p =IA1
p ) is less than unity and decreases


with decreasing the potential sweep rate and increasing
nucleophile concentration. Also, the current function for
the A1 peak (IA1


p =v1=2), decreases (slightly) on increasing
the scan rate. These confirm reactivity of o-benzoquinone
(2a) towards ACH. In this Figure, curve c is the
voltammogram of ACH. Controlled-potential coulometry
was performed in aqueous solution containing 0.25 mmol
of 1a and 0.25 mmol of ACH at 0.35 V versus SCE. The
monitoring of the progress of the electrolysis was carried

Figure 1. Cyclic voltammograms of 1mM catechol (1a):
(a) in the absence, (b) in the presence of 1mM
2-acetylcyclohexanone (ACH), and (c) 1mM ACH in the
absence of catechol (1a), at a glassy carbon electrode, in
aqueous solution containing 0.2M phosphate buffer
(pH¼ 6.8). Scan rate: 100mV s�1; t¼25� 1 8C
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out by cyclic voltammetry. It was shown that, pro-
portional to the advancement of coulometry, anodic
peak A1 decreases and disappears when the charge
consumption becomes about 2e� per molecule of 1a. Our
experiences on electrochemical oxidation of catechols in
the presence of ACP,8 diagnostic criteria of cyclic
voltammetry, consumption of two electrons per molecule
of catechol, and the mass spectra of isolated products
(Fig. 2), indicate that the reaction mechanism of
electrooxidation of catechols in the presence of ACH is
EC (Scheme 1).


According to our results, it seems that the Michael
addition reaction of the anion anolate ACH or ACP to
o-benzoquinone 2a (Eqn 2) is faster than other side
reactions,10–15 leading to the product 4a. The over-
oxidation of 4a was circumvented during the preparative
reaction because of the presence of the b-diketone group
with electron-withdrawing character on the catechol ring,
as well as the insolubility of the product in the sodium
acetate solution medium.

Kinetic evaluations


Based on an EC mechanism, the observed homogeneous
rate constants (kobs) of Michael reactions have been
estimated by comparison of the simulation results with
experimental cyclic voltammograms (Fig. 3). The transfer
coefficients (a) were assumed to be 0.5, and the formal
potentials were obtained experimentally as the midpoint
potential between the anodic and cathodic peaks (Emid).
The heterogeneous rate constants are estimated by use of
an experimental working curve.16 The estimated values
are about 0.002 cm s�1 and are used for simulation of
cyclic voltammograms. The calculated homogeneous rate
constants are given in Table 1. As shown in Table 1, the
magnitude of kobs is dependent on the nature and position
of the substituted group on the catechol ring. The
presence of electron-donating groups such as methyl (1b)
or methoxy (1c) on catechol ring causes a decrease in kobs.
In contrast, the presence of carboxylic group (1f) with

Figure 2. Mass spectrum of separated product (4c) from
electrochemical oxidation of 3-methoxycatechol (1c), in the
presence of ACH
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Scheme 1
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electron-withdrawing character causes an increase in kobs.
In addition, the presence of substituted groups in C-4
position of catechol ring that is a reactive site of
o-benzoquinones 2, causes a decrease in kobs. The
observed homogeneous rate constants can be related
with the Hammett r–s parameters, where the Hammett
equation is:


log ki ¼ log k0 þ rs (3)


where ki is the rate constant for substituted catechol, k0 is
the rate constant for catechol, s is a constant characteristic
of a given substituent group,17 and r is the slope of the log

Figure 3. Experimental (curves a and b) and simulated (curves c
presence of: (I) 1.0mM ACP, scan rates are: 100 and 400mV s�


respectively. At glassy carbon electrode, in phosphate buffer sol
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ki-s graph. The Hammett plot is shown in Fig. 4. The
r values are 780.0 (R¼ 0.992) and 637.7 (R¼ 0.996) for
electrochemical oxidation of catechols, in the presence of
ACP and ACH, respectively. These positive r values
mean that the transition states have substantial negative
charge, because the reaction rates are increased signifi-
cantly for electron-withdrawing substituents. This result
is consistent with the attack of anion enolate ACP or ACH
to the o-benzoquinone (2). As discussed before, the
3-methoxycatechol deviates significantly from the log
ki-s line.18 The deviation of 3,4-dihydroxybenzoic acid
from the log ki-s line, is due to the presence of carboxylic

and d) cyclic voltammograms of 1.0mM catechol (1a) in the
1 and (II) 1.0mM ACH scan rates are: 25 and 100mV s�1,
ution (pH¼ 6.8, c¼0.20M). t¼ 25�1 8C
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Table 1. Observed homogeneous rate constant for various
catechols in phosphate buffer (pH¼ 6.8)


Catechol derivative


Observed homogenous rate
constant kobs (M�1 s�1)


ACHa ACPb


Catechol 350� 25 870� 42
3-Methylcatechol 280� 23 670� 28
3-Methoxycatechol 200� 22 461� 26
4-Methylcatechol — 219� 22
2,3-Dihydroxybenzoic acid 570� 27 1080� 36
3,4-Dihydroxybenzoic acid 310� 25 764� 27


a Standard deviation of three independent simulations at 25, 50 and
100 mV s�1.
b Standard deviation of three independent simulations at 100, 250 and
500 mV s�1.
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group in C-4 position (reactive site) of o-benzoquinone
ring.

pH dependence of cyclic voltammograms


Because of the dependence of catechol oxidation and the
diketone dissociation on pH, the electrochemical oxi-
dation of catechols in the presence of ACH and ACP has
been studied at various pHs (Fig. 5). Cyclic voltammo-
grams of catechol in aqueous solutions, with pH lower
than 8, show one anodic (A1) and a corresponding
cathodic peak (C1), with peak current ratio (I


Cl
p =I


Al
p ) of


nearly unity which can be considered as a criterion for the
stability of o-benzoquinone, produced at the surface of
the electrode under the experimental conditions.10–15 In
basic solutions, the peak current ratio (I


Cl
p =I


Al
p ) is less than


unity and decreases with increasing pH, as well as by
decreasing the potential sweep rate. These can be related

Figure 4. Hammett plot for electrochemical oxidation of
catechols in the presence of: ACH (*) and ACP (~)
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to the coupling of anionic or dianionic forms of catechols
with o-benzoquinones (dimerization reaction).19 The
oxidation of catechol (1a), in the presence of ACH and
ACP as nucleophiles was studied at various pHs (Fig. 5).
As is shown, the height of the cathodic peak that is
relevant to reduction of 2a increases with decreasing pH.
This is related to protonation of ACH or ACP’s anion
enolates and inactivation of them towards Michael
addition reaction with o-benzoquinone (2a). Therefore,
the rate of coupling reaction is pH dependent and
enhanced by increasing pH. Comparison of voltammo-
grams in second row with third row, show that at the same
pH the height of cathodic peak (C1) in the presence
of ACH is more than the height of cathodic peak (C1) in
the presence of ACP. In other words, the observed
homogeneous rate constants (kobs) of Michael reaction of
ACP’s anion enolate with o-benzoquinone 2a (Scheme 1,
Eqn 2) is more than ACH (kACP


obs > kACH
obs ). The rate of this


type of reaction is pH dependent and the value of kobs is
given by20:


kobs ¼ ak (4)


where a is the fraction of ACH or ACP in the ionized
form, as defined by Eqn (5); k is the reaction rate constant
of anion enolate ACP or ACH with o-benzoquinone 2a.


a ¼ K


½H3Oþ� þ K
(5)


where K is the dissociation constants of ACH or ACP.
Since, pKACP


a ¼ 8.25 and pKACH
a ¼ 9.85,21,22 at the


same pH: kACP
obs > kACH


obs .
Substitution of Eqn (5) into Eqn (4) and rearranging


gives:


1


kobs


¼ 1


k
þ ½H3Oþ�


k:K
(6)


Figure 6 shows plot of 1/kobsversus hydrogen ion
concentration. We obtain the reaction rate constant (k) of
the anion enolate ACP or ACH, with o-benzoquinone 2a
from the intercept of the plotted lines. The values of k for
ACP and ACH are 1838 and 1105 M�1 s�1, respectively.
These values show that the homogeneous rate constants
(k) of Michael reaction of ACP’s anion enolate with
o-benzoquinone 2a is greater than ACH (kACP> kACH). In
comparison with ACH, the anion enolate ring of ACP
(five-membered ring) has more angular strain and the
reaction of anion enolates ACP and ACH, with
o-benzoquinone (2) moderates the angular strain via
change of sp2 carbon to sp3. On the other hand, the steric
interaction between axial substituents, bound to carbon
atoms in a six-membered ring results in a steric
destabilization. Therefore, we think that increasing of
the chemical rate constant of anion enolate of ACP with
o-benzoquinone (2) (Scheme 1, Eqn 2) can be related to a
larger lowering of angular strain of the anion enolate ring
of ACP, and/or 1,3-diaxial interaction between the axial
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Figure 5. Cyclic voltammograms of 1mM catechol in the absence, in the presence of 1mMACH, and in the presence of 1mM
2-acetylcyclopentanone (ACP) in buffered solutions with various pHs and same ionic strength. Scan rate: 100mV s�1; t¼25 8C
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hydrogens on the anion enolate ring of ACH and
o-benzoquinone (2).

CONCLUSIONS


The results of this work show that catechols are oxidized
in water to their respective o-benzoquinones. The
quinones are then attacked by the anion enolate of
ACH and ACP to form new catechol derivatives. The
overall reaction mechanism for anodic oxidation of
catechols, in the presence of b-diketones ACH and ACP is
presented in Scheme 1. The kinetics of the reactions of

Copyright # 2007 John Wiley & Sons, Ltd.

electrochemically generated o-benzoquinones, with the
ACH and ACP are studied by the cyclic voltammetric
technique and the simulation of obtained voltammograms
performed under EC mechanism. There is a good
agreement between the simulated voltammograms with
those obtained experimentally. The effects of pH on the
oxidation pathway and the observed homogeneous rate
constants (kobs) have been discussed. Also, the rate
constants (k) were calculated and significant differences
in k, obtained in the cases of ACH and ACP have been
discussed. In addition, the effects of the substituted
groups on the catechol ring in kobs (Hammett plot) have
been studied.
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Figure 6. Plot of 1/kobs versus hydrogen ion concentration
for electrochemical oxidation of catechol (1a), in the pre-
sence of ACH (*) and ACP (~)
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MR), Surface-Enhanced Resonance Raman Scattering (SERRS),
used to study 8-substituted acetylene- and thienylacetylene-


diphenylnaphthopyran photochromic compounds. The purpose of this work is to determine the effect of the
8-acetylene substituent on the photochromic equilibrium. NMR spectroscopy shows that photocoloration by UV
irradiation at low temperature leads to a mixture of transoid isomers (TC and TT) and a small amount of an
allenyl-naphthol structure. The mixture is further enriched in this latter isomer by subsequent visible irradiation. Some
photoproducts are identified by analysis of the changes in the SERRS spectra of an irradiated solution with time. To
assist spectral assignment, the vibrational frequencies of compounds (1) and (2) and their photoproducts were
computed at optimized geometries and compared with the observed Raman bands. Copyright # 2007 John Wiley &
Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/

KEYWORDS: photochromism; naphthopyran; NMR; SERRS; DFT

INTRODUCTION


Photochromic organic compounds1 attract much attention
from both fundamental and practical points of view be-
cause of their potential in various applications, optical
memories, and photonic devices.2–3 In particular, in the
field of molecular electronics, the use of photochromic
photon-mode switching systems is considered to be a
promising approach to molecular switches. In these
systems, each photo-isomer (i.e., closed or open form)
could represent either a ‘0’ or ‘1’ information bit of a
digital binary code analogous to ‘on’ and ‘off’ states. On
the other hand, oligothiophenes which can be linked to a
photochromic moiety4 are interesting compounds due to
their electron conducting properties when doped. There-
fore, interest in the development of complex systems
consisting of a photochromic unit and a conducting
organic polymer has increased due to their applications in
optoelectronic devices.5 For this purpose, diphenyl-
naphthopyran, 8-substituted with an oligothiophene via

to: F. Maurel, ITODYS, Université Paris Diderot—
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an acetylenic linkage, was recently synthesized. It was
shown that an acetylene or thienylacetylene substituent
leads to better colorability without any further degra-
dation. Unfortunately, the introduction of a long oligo-
thiophene chain leads to the loss of photochromic proper-
ties; thus, compounds in this series with a terthiophene
substituent are no longer photochromic under UV
irradiation, since a fast radiative process from the S1
singlet excited state takes place (fluorescence emission),
and this prevents opening of the pyran ring.


The present work is devoted to the investigation of
3,3-diphenylnaphtho[2,1b]pyran linked to an acetylene
function in the 8-position (Compound 1 in Scheme 1) and
to a thienyl group via an acetylene function (Compound 2
in Scheme 1), by Nuclear Magnetic Resonance (NMR)
and Surface-Enhanced Resonance Raman Scattering
(SERRS). Despite their rather different sensitivities
(low for NMR and high for SERRS), comparison of
these two spectroscopies has recently shown that they can
be complementary.6


It has been proved by NMR that UV irradiation of
3,3-diphenylnaphtho[2,1b]pyran leads to the formation of
two colored transoid isomers, namely transoid-cis (TC)
and transoid-trans (TT). Moreover, under subsequent
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O


H


O S


91012


5 6


7


8


2'
3'


4'


91012


5 6


7


8


2'
3'


4'


(1)


(2)


Scheme 1.


COMBINED NMR, SERRS, AND DFT STUDY 945

visible irradiation (i.e., UVþ visible irradiations), it was
demonstrated that an allenyl-naphthol species (A)
accumulated during the photochromic process. This
species, first identified by multinuclear NMR, relaxes
to the initial closed form via the TC isomer.7–8 SERRS is
nowadays a powerful and well-established method for
ultrasensitive chemical identification and characteriz-
ation. We have shown that it is a useful approach for
studying and characterizing the main transient photo-
products involved in the photochromic equilibrium.9 In
this paper, we report a spectroscopic (NMR and SERRS)
and theoretical (Density Functional Theory (DFT) calcu-
lations) study of the acetylene (1) and thienylacetylene (2)
8-substituted diphenylnaphthopyran photochromic com-
pounds. The NMR and SERRS spectral features of
transient intermediates lead to useful information on the
mechanism in this series.

EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES


1H NMR spectra were acquired using a Bruker DPX 300
NMR spectrometer (300.09MHz) equipped with a BBI
probe-head fitted with an actively shielded z-gradient coil
for delivering pulsed field gradients. UV and visible
irradiation of the samples in acetonitrile-d3 in the NMR
tube were performed in a home-built apparatus. The
emission spectrum of a 1000W Xe–Hg high-pressure,
filtered, short-arc lamp (Oriel) was focused on the end of a
silica light-pipe (length 6 cm, diameter 8mm), leading the
light to the spinning sample tube, inserted in a quartz
Dewar. The temperature of the sample was controlled
with a variable temperature unit (B-VT1000-Bruker). The
filters used are Schott 011FG09: 259< l< 388 nm with
lmax¼ 330 nm and T¼ 79%, and Oriel 3-74: l> 400 nm
for UV and visible irradiation, respectively.


To prepare SERRS samples, small aliquots of the stock
solution of the photochrome (ca. 10�4M in acetonitrile)
were diluted in 500mL of silver colloid, obtained from
silver citrate (Ag, 10�3M), and 40mM NaNO3 were

Copyright # 2007 John Wiley & Sons, Ltd.

added just before recording the spectrum. SERRS spectra
were excited with the 514.5 nm line of a Arþ laser and
recorded on a Dilor XY multichannel Raman spec-
trometer. In all experiments, the laser power was kept low
enough (ca. 60mW or less) to avoid thermal decompo-
sition of the samples. UV and visible irradiation
experiments were carried out in a 1 cm quartz cell, filled
with 3mL of stock solution, using a collimated beam
from a 250W xenon lamp (XBO Osram) equipped with
appropriate filters (Schott WG 295 for UV irradiation and
Schott GG 400 for visible irradiation). Under these
conditions, a short UV exposure (max. 20 s) ensured that
degradation was negligible. Small aliquots (50mL), taken
at regular time intervals after irradiation, were poured into
500mL of Ag colloid and their SERRS spectra recorded.
All the Raman and SERRS spectra were normalized with
respect to the solvent (acetonitrile) band at 921 cm�1.


DFT calculations were performed using Gaussian 98.10


All calculations of wavenumbers in the harmonic approxi-
mation were performed on fully optimized geometries.
DFT geometry optimization was carried out with a
combination of Becke’s 1988 exchange functional11 and
the Perdew 86 gradient-corrected correlation functional
(BP86).12 The 6-31G(d) basis set was used for all atoms in
the geometry optimization and the vibrational calcu-
lations. No scaling factor was applied to improve the
fitting of the experimental and theoretical Raman spectra,
since it has been shown that the DFT force field using
BP86 functional yields vibrational wavenumbers in very
good agreement with experiment.6 It should be noted that
in the present calculations, there is no possibility of taking
into account the SERRS selection rules (arising from
SERRS mechanisms, i.e., electromagnetic and chemical
enhancement contributions), so the calculated line intensi-
ties can hardly be compared with those observed. To
investigate the ring-opening mechanism in the ground,
first singlet and triplet states we used a coupled semi-
empirical AM1/configuration interaction (AM1-CI) method13


available in the AMPAC program package.14 The ring-
opening profile was determined by elongating the C—O
bond step-by-step while the other geometric parameters
were fully optimized.

RESULTS AND DISCUSSION


NMR studies


A solution of (1) in acetonitrile-d3 (10�2M) was
irradiated at 228K with UV light for 20min then with
visible light for 12min. 1H NMR spectra (Fig. 1) were
recorded before and after UV irradiation and then after
subsequent visible irradiation (UVþ visible irradiations).
After UV irradiation (Fig. 1b), the initial form (1) is
largely converted into a structure characterized by a
doublet (3J¼ 11.9Hz) at 8.5 ppm. Such a high chemical
shift is assigned to the H-2 proton in the TC isomer of the

J. Phys. Org. Chem. 2007; 20: 944–952


DOI: 10.1002/poc







3.43.84.24.65.05.45.86.26.67.07.47.88.28.6
(ppm)


Halc


H10


H2
H7


H6
H9


H2’
H1-H3’
H4’-H5


TC


TC


TCTC


TT
TTAA


TC
TC


TCTC
TTTT


AA


(1)


(1)


A


a)


b)


c)


3.43.84.24.65.05.45.86.26.67.07.47.88.28.6
(ppm)


Halc


H10


H2
H7


H6
H9


H2’
H1-H3’
H4’-H5


TC


TC


TCTC


TT
TTAA


TC
TC


TCTC
TTTT


AA


(1)


(1)


A


a)


b)


c)


Figure 1. 1H NMR spectra at 228K of (1). (a) before, (b) after 20min of UV irradiation, (c) after 12min of visible irradiation
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photomerocyanine, which is deshielded by the C——O
group.15 Other signals are also detected, in particular in
the region of acetylene protons. Two weak signals at 3.52
and 3.65 ppm indicate the presence of two supplementary
photoproducts, assigned to the allenyl-naphthol (A) and
the other isomer of photomerocyanine (TT).7 Figure 1c
displays the results of visible light irradiation. The initial
closed form is mainly recovered in spite of a small
increase in the concentration of A. We recently reported
that visible light does not bleach photomerocyanines
directly to the closed form but to the allenyl-naphthol.8


In the present case, this phenomenon is not obvious. To
understand it better, a fresh solution was irradiated with
UV light only and thermal bleaching at 228K was
followed by recording the NMR spectrum at regular time
intervals. Measurement of peak intensities at 3.52, 3.55,
3.61, and 3.65 ppm makes it possible to plot the curve of
concentration versus time for the four species (A, 1, TC,
and TT) in solution (Fig. 2). The A curve follows a
mono-exponential decay (A!TC, k1¼ 5.1� 10�4 s�1)
while the bleaching of the TC isomer (TC! (1),
k2¼ 1.4� 10�4 s�1) is bi-exponential (Eqns 1 and 2).


½A�t ¼ ½A�0 � expð�k1 � tÞ (1)


½TC�t ¼ ðk1=ðk2 � k1ÞÞ � ½A�0 expð�k1 � tÞ


þ ð½TC�0 � ðk1=ðk2 � k1ÞÞ ½A�0Þ


� expð�k2 � tÞ (2)


A solution of (2) in acetonitrile was prepared at
9� 10�5M due to its low solubility. Such a concentration,

Copyright # 2007 John Wiley & Sons, Ltd.

which is low for NMR measurements, is in almost the
same concentration range, however, as solutions studied
in SERRS (vide supra). The 1H NMR spectrum recorded
after 5min of UVirradiation (Fig. 3, spectrum b) indicates
the formation of TC photomerocyanine, which has
doublets at 6.47 and 8.45 ppm for the H-5 and H-2
protons, respectively. A brief visible irradiation (2min)
converts it to a new photoproduct, identified as the
allenyl-naphthol. This is fully confirmed by observing the
NMR spectra recorded during the thermal evolution of the
sample at 228K. Indeed, it is clear that the signals of A
decrease while those of TC increase. After the total
disappearance of A, bleaching of TC to the initial closed
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form (2) is observed. Due to the low concentration, the
spectral resolution was too poor for it to be possible to get
accurate values of the peak intensities, and no bleaching
rate constants were calculated. However, in less than
40min A disappeared completely, and comparison of
spectra f and h in Fig. 3 shows that the concentration
of TC is about two times smaller, whence a half-life of
90min can be estimated. These two observations are in
complete agreement with values deduced from investi-
gations on (1) and are summarized in Scheme 2.

SERRS studies


Experimental SERRS and theoretical Raman spec-
tra of (1) and (2). SERRS spectra of compounds (1)
and (2) excited at 514.5 nm, and recorded at 900–
1700 cm�1, are shown in Figs 4b and 5b. The DFT//BP86/
6-31G(d) Raman spectra are also depicted for comparison
in the same figure (Figs 4a and 5a). It should be em-
phasized that the calculated Raman spectrum represents
the vibrational signatures of molecules in their gas phase.
Hence, the experimentally observed SERRS spectrum
may differ significantly from the calculated spectrum.
However, as shown in Figs 4 and 5, the calculated Raman
spectra compare quite well with the experimental ones,
particularly in the case of (1); since for (2) there are dis-

Copyright # 2007 John Wiley & Sons, Ltd.

crepancies regarding the intensities of several Raman
lines.


The SERRS spectrum of (1) is dominated by six bands
at ca. 1608, 1461, 1422, 1379, 1159, and 1004 cm�1.
These bands were assigned on the basis of the vibrational
eigenvectors (Supplementary Material Figure S1) derived
from the DFT calculations. These indicate that these
SERRS lines arise mainly from in-plane vibrations of the
naphthopyran moiety and phenyl rings.


The SERRS spectrum of (2) is very similar to that of (1)
and shows six bands at ca. 1606, 1461, 1421, 1378, 1158,
and 1004 cm�1. These bands are assigned to the calcu-
lated frequencies at 1613, 1443, 1428, 1385, 1158, and
980 cm�1. As for compound (1), the vibrational eigen-
vectors corresponding to these frequencies (Supple-
mentary Material Figure S2) indicate that the modes of
vibration contributing to the SERRS spectrum arise
mainly from the naphthalene and phenyl rings. However,
it should be noted that the 1443 cm�1 mode is strong in
the calculated spectrum but appears as a medium band.
Inspection of this normal mode indicates that it
corresponds to stretching vibrations spreading over the
whole p-conjugated system from the naphthalene to the
thiophene substituent with a significant contribution on
this latter ring. It is clear that the involvement of the
thiophene ring in the p-conjugated system is at the origin
of extra lines observed in the SERRS spectrum of (2). The
huge enhancement of the Raman signal can generally be
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explained by an increase in the local electromagnetic field
near the silver particle surface when localized surface
plasmons are excited. Since the calculated Raman spec-
trum corresponds to the normal (spontaneous) Raman
spectrum, the marked decrease in the SERRS intensity of
the 1443 cm�1 mode suggests that the thiophene ring is
not in direct interaction with the silver surface.


SERRS spectra of UV-irradiated solutions of (1)
and (2). Photochromic solutions were UV irradiated
(l> 300 nm) for 20 s and the SERRS spectrum was
recorded at regular intervals up to 300 s (Fig. 6). In order
to establish the appearance of a new photoproduct these
spectra were compared with that of a non-irradiated
solution prepared in the dark. Surprisingly, UV irradiation
does not lead to marked changes, and the SERRS spectra
are quite similar to that of the non-irradiated solution
(Fig. 6a). However, careful examination of the spectra
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Figure 4. (a) BP86/6-31G(d) and (b) SERRS spectra for (1).
This figure is available in colour online at www.interscience.
wiley.com/journal/poc
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reveals some minor changes. Immediately after UV
excitation (Fig. 6b), the spectrum of the irradiated
solution closely resembles that of the non-irradiated
solution but with a poorer signal-to-noise ratio than that of
the closed form (Fig. 6a). This could indicate the presence
of metastable allenyl-naphthol species A, the SERRS
spectrum of which is very similar to that of the initial
closed form, CF (Scheme 2).6 This observation is in
agreement with the above NMR data for compound (1).
On the contrary, in spectrum c, recorded after 15 s, appear
new weak lines at ca. 1570, 1540, 1490, 1400, and
1360 cm�1. All these lines progressively disappear in the
following spectra (from 30 to 300 s) indicating thermal
relaxation toward the closed form. In order to characterize
the photoproducts appearing at 15 s (Fig. 6c) we
calculated the Raman spectra of TC and TT, the open
isomers of (1). As it appears in Fig. 7, the Raman spectra
of TC and TT are found much more intense than the
closed form spectrum. It could be noted that Raman
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Figure 5. (a) BP86/6-31G(d) and (b) SERRS spectra for (2).
This figure is available in colour online at www.interscience.
wiley.com/journal/poc
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Figure 6. SERRS spectra of compound (1) (10�5M) in
acetonitrile after UV (20 s) irradiation. Spectra b, c, d, e,
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intensity depends on the change of the molecular polari-
zability along the normal mode. Vibrational analysis
shows that the strongest calculated Raman bands in the
opened spectra arise mainly from in plane vibration
involving the extended conjugated system (from the C-3
atom to thienyl substituent) and thus, the strong enhance-
ment of the polarizability when going from closed to
opened form is the result of better electronic delocaliza-
tion in the p conjugated system. The calculated Raman
normal modes of TC and TT at 1590, 1543, and
1485 cm�1, probably correspond to the SERRS lines
observed at 1570, 1540, and 1490 cm�1. The doublet
calculated at 1365 and 1385 cm�1 in the TT isomer could
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Figure 7. BP86/6-31G(d) Raman spectra of CF (a), TT (b),
and TC (c) isomers of (1). This figure is available in colour
online at www.interscience.wiley.com/journal/poc
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correspond to the lines at 1360 and 1400 cm�1. Therefore,
the changes in the SERRS spectra with time combined
with vibrational analysis indicate that in the course of the
photochromic relaxation process, a very small amount
of the allenyl-naphthol (A) species is involved, along
with the expected colored isomers, TC and TT. These
species then relax to the closed form, as depicted in
Scheme 2.


The time dependence of a 20 s UV-irradiated solution
of (2) was followed at room temperature in the same way
(Fig. 8). The SERRS spectrum of the non-irradiated
solution of this compound is also displayed for com-
parison and to highlight the main lines which appear after
UV irradiation (Fig. 8a). In contrast with compound (1),
significant spectral changes are observed. Several strong
new Raman lines are observed at 1552, 1483, 1310, 1270,
1110, and 1025 cm�1 immediately after irradiation (0 s,
Fig. 8b) the intensities of which decrease rapidly in the
subsequent spectra. Finally, from 60 to 300 s (Fig. 8d–f)
the spectra resemble that of the non-irradiated solution
(CF, spectrum a). A straightforward explanation for the
appearance of the new lines can be based on the large
amount of colored open forms. Quantum chemical
calculations were carried out on the TC and TT isomers
of (2), and their Raman spectra are depicted in Fig. 9.


It can be seen that the spectra of TC and TT are very
similar and show several strong bands at ca. 1544, 1520,
and 1448 cm�1 and medium bands at ca. 1485, 1111, and
1038 cm�1. However, the calculated Raman bands at
1363 and 1383 cm�1 are specific to the TT isomer while
the strong one at 1270 cm�1 with a shoulder at 1300 cm�1


fingerprints the TC isomer. Comparison of the SERRS
and calculated Raman spectra makes it possible to assign
the SERRS lines at 1552, 1483, 1110, and 1025 cm�1 to
the Raman bands of TC or TT calculated at 1544, 1520,
1485, 1111, and 1038 cm�1. The two SERRS lines at
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Figure 9. BP86/6-31G(d) Raman spectra of CF (a), TC (b),
and TT (c) isomers of (2). This figure is available in colour
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1270 and 1310 cm�1 could probably be assigned to the
1270 and 1300 cm�1 bands calculated for the TC isomer.
It can been seen from Fig. 8 that after UV irradiation there
are no lines in the SERRS spectrum at 1363 and
1383 cm�1, which suggests that the mixture of open
colored forms is strongly enriched in the TC isomer. The
calculated Raman medium band at 1448 cm�1 corre-
sponds to a stretching vibration of the thiophene ring. As
for the CF form, the thiophene ring is probably remote
from the metallic surface and, therefore, this vibration
does not contribute to the SERRS spectrum.


SERRS spectra of UVRVisible irradiated solu-
tions of (1) and (2). Fresh solutions of compounds (1)
and (2) were UV irradiated for 20 s then with visible light
(l> 400 nm) also for 20 s. SERRS spectra were recorded
at the end of the visible irradiation and at regular intervals
thereafter. The spectra of (1) are depicted in Fig. 10. They
show no change from 0 to 300 s and all are similar to that
of the non-irradiated solution spectrum (CF, spectrum a).
Even a close analysis of the whole set fails to reveal any
intermediate in the relaxation process. This is distinctly
different from what was obtained in the NMR exper-
iments. In the present case, this result suggests that under
the conditions of SERRS experiments (ambient tempera-
ture and 10�5M concentration), consecutive UVþ vi-
visible irradiation does not lead to any transient species,
such as colored isomers or allenyl-naphthol photopro-
ducts. This can probably be explained by a fast ring
closure induced by the visible irradiation.


The time dependence of the SERRS spectra of (2) is
depicted in Fig. 11. The lines observed at 15 and 30 s
appear in the same positions as those observed after UV
irradiation alone and can, therefore, be attributed to the
colored isomers, TC and TT. The changes in the spectra

Copyright # 2007 John Wiley & Sons, Ltd.

from 60 to 300 s are also similar to those observed after
UV irradiation alone. Therefore, analysis of all the spectra
suggests that only the metastable photomerocyanines
occur, and that they rapidly revert thermally to the initial
closed form, as shown by the large decrease in the
intensities of the lines at 1552, 1483, 1310, 1270, and
1025 cm�1.


Surprisingly, these experiments did not reveal the
involvement of any photoproducts such as TT and TC.
Therefore, the question is open, in the case of compound
(2), as to why the allenyl-naphthol species does not
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Table 1. Calculated activation barrier (in kcal mol�1) of (1)
and (2) for ring opening in ground, first singlet, and triplet
excited states


Compound Ea (S0) Ea (S1) Ea (T1)


(1) 28.9 0.6 17.09
(2) 29.0 0.1 28.7
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accumulate. It was shown very recently that fast
relaxation of the closed form of an 8-substituted
diphenylchromene in the triplet state could be a
deactivation pathway competing with the singlet excited
state ring-opening reaction. To check this hypothesis, we
carried out the calculation for ring opening of both
compounds (1) and (2) in the excited singlet and triplet
states at the semi-empirical level using CI (see
computational method). The calculated activation bar-
riers are presented in Table 1. As previously observed for
other photochromes, it is found that the singlet electronic
excited state ring opening is an almost barrierless process
for both compounds, leading to merocyanine through
conical intersection.16 In contrast, the triplet ring-opening
activation barrier is very sensitive to the substituent effect
and is found to be 17 and 28.7 kcalmol�1 for (1) and (2),
respectively. Therefore, if we assume that the triplet state
of the closed form is also populated; theoretical
calculations clearly suggest that the ring opening of (1)
could lead to open merocyanine forms, while this process
is inhibited for (2). As a consequence, triplet state of CF
of (2) should rapidly deactivate towards the closed form in
the singlet ground state (S0) through an intersystem
crossing (ISC) mechanism. The triplet state of the initial
form of compound (1) could lead to the colored isomers
(TC or TT) through a ring-opening reaction. Unfortu-
nately, this hypothesis cannot be verified in the present
photostationary experiments in spite of very high
sensitivity of SERRS spectroscopy and complementary
experiment are needed to validate it.

SUMMARY AND CONCLUSIONS


In this paper, NMR and SERRS spectroscopic studies
were compared and quantum chemical DFT calculations
were run on two closely photochromic compounds (1)
and (2) namely, acetylene- and thienylacetylene-
8-substituted diphenylnaphthopyrans. In spite of very
different experimental conditions, a detailed mechanism
of the relaxation process after UVand subsequent visible
irradiation was deduced from the NMR and SERRS data
for compound (1). However, the picture is not so clear for
compound (2). Thus, while NMR suggests that relaxation
proceeds by a similar mechanism, SERRS experiments
clearly demonstrate that no photoproducts other than TC
and TT are involved. Semi-empirical calculations show
that efficient ISC to a stable and resonant triplet state in

Copyright # 2007 John Wiley & Sons, Ltd.

the closed form takes place which could inhibit the
formation of A species.

Acknowledgements


The 300MHz NMR facilities were funded by the Région
Nord-Pas de Calais (France), theMinistère de la Jeunesse,
de l’Education Nationale et de la Recherche (MJENR),
and the Fonds Européens de Développement Régional
(FEDER). Part of this collaborative work was performed
within the framework of the ‘Groupe de Recherche:
Photochromes Organiques, Molécules, Mécanismes,
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ABSTRACT: The aim of the current report is to shed light on the tautomerism of 4-((Phenylimino)methyl)
naphthalene-1-ol in solution, which was studied by UV–Vis spectroscopy and quantum chemical calculations. It
was found that this compound does not have the typical tautomeric behavior of its analog
4-Phenylazo-naphthalen-1-ol. The complicated equilibrium between the enol- and keto-like forms and two kinds
of dimers that can exist in solution, is strongly dependent on the proton acceptor/donor abilities of the solvent. Using
advanced data treatment quantitative information about the tautomeric and dimeric equilibrium constants was
obtained. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: tautomerism; solvent effect; Schiff base; chemometrics

INTRODUCTION


Although the tautomerism in 4-Phenylazo-naphthalen-
1-ol (compound 1 in Scheme 1) was discovered more than
a century ago,1 the number of studies dealing with these
tautomeric compounds is rising continuously. This is not
surprising, because on one hand tautomerism lies at the
base of many elementary processes in living systems, and
advanced technological applications,2–4 and on the other
hand it remains of substantial fundamental interest for
method development in molecular spectroscopy,5 since in
most of the cases the individual tautomers cannot be
physically separated.


It is well-known that the position of the tautomeric
equilibrium in solution can be shifted by changing
environmental factors such as temperature, and solvent
properties, and the corresponding spectra can be recorded,
but not analyzed by means of classical spectrophotometry.5


Recently we have developed a chemometric approach for
processing complicated absorption spectra,6 which leads to

to: L. Antonov, Institute of Organic Chemistry,
emy of Sciences, Acad. G.Bonchev str., bl.9,
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quantitative information about the molar fractions of the
tautomers and their individual spectra. For instance, the
tautomeric equilibria of species 1–5 in Scheme 1 were
studied intensively7–10 and the quantitative information
obtained allowed effects of the solvents11,12 and tempera-
ture13 to be elucidated.


It was found that the tautomeric equilibrium of
compound 1 can be strongly affected by the solvent due
to the lack of intramolecular hydrogen bonding such as
present in compounds 2–5. However, this hydrogen bond is
relatively weak in the azonaphthols 2 and 3 compared to
the Schiff bases 4 and 5, which determines different
thermochromic behaviors.13 In the light of these facts
4-((Phenylimino)methyl)naphthalene-1-ol (compound 6)
represents an interesting object for investigation and
comparison with compound 1. Quite surprisingly (com-
pound 6 is the structural analog of the most intensively
studied tautomeric dye 1), to the best of our knowledge
there is no information available about its tautomeric
properties.


The general aim of the current report is to shed light on
the tautomerism of compound 6 in solution using UV–Vis
spectroscopy combined with quantum chemical calcu-
lations. Particular attention is given to solvent effects and to
the comparison of the spectral properties of 6 with those of
1 on one hand and of 4–5 on the other.
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EXPERIMENTAL PART


Synthesis


1-Methoxynaphthalene, 1-naphthol, aniline, benzene,
absolute ethanol, dichloromethane, and ethyl acetate
were supplied by Aldrich and used as received. Silica
gel Kieselgel 60 type Merck was supplied by Fluka.
4-Methoxy-1-naphthaldehyde14 and 4-hydroxy-1-naph-
thaldehyde15 were prepared according to methods in the
literature. Melting points were determined on a Gallen-
kamp MF-370 apparatus. 1H and 13C NMR spectra were
recorded on a 400 MHz NMR (Bruker) spectrometer
(400 MHz for 1H NMR and 100 MHz for 13C NMR), in
CDCl3 using tetramethylsilane (TMS) as internal
reference. Fast-atom bombardment (FAB) mass spectra
were recorded on a Jeol JMS-HX 110A mass spec-
trometer.


Preparation of 4-(Phenylimino-methyl)-1-
naphthol (compound 6). A modified method was
used for this preparation. 4-hydroxy-1-naphthaldehyde
(1.72 g; 10 mmol) was suspended in water (50 ml) and
heated for 30 min while stirring. The mixture was cooled
to room temperature and treated with aniline (0.931 g;

Copyright # 2007 John Wiley & Sons, Ltd.

10 mmol). Then the mixture was stirred at 25-C for 3 h.
The light orange precipitate was filtered off, washed with
water and subsequently with n-hexane, and dried in a
vacuum oven at 50-C. This solid was purified by column
chromatography on silica, using dichloromethane-ethyl
acetate (10:1) as an eluent. Evaporation of the solvent
produced a solid residue which was recrystallized from
benzene to give orange–brown crystals, m.p. 135–136-C;
1H NMR (400 MHz, CDCl3): d¼ 6.95 (m, 2H), 7.28 (m,
3H), 7.41 (m, 2H), 7.53 (m, 1H), 7.87 (d, 1H), 8.55 (d,
1H), 9.22 (d, 1H), 10.07 (s, 1H); 13C NMR (100 MHz,
CDCl3): d¼ 108.1, 120.9, 122.6, 123.7, 124.5, 125.9,
126.5, 126.9, 127.6, 128.1, 130.2, 141.6, 154.8, 161.5; m/
z (FABMS): 247.3 (MR1).


Preparation of 4-Methoxy-1-(N-phenyl)imino-
methylnaphthalene (compound 7). A solution of
4-methoxy-1-naphthaldehyde (1.86 g; 10 mmol) in
absolute ethanol (20 ml) was treated at room temperature
with aniline (0.931 g; 10 mmol). The clear solution was
refluxed for 3 h. The mixture was cooled and a creamy
solid was deposited. The solid was filtered and
recrystallized twice from ethanol to give light-cream
leaflet shaped crystals; m.p. 84–85-C. 1H NMR
(400 MHz, CDCl3): d¼ 4.05 (s, 1H), 6.88 (d, 1H), 7.25
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(m, 3H), 7.41 (m, 2H), 7.53 (m, 1H), 7.65 (m, 1H), 7.98
(d, 1H), 8.35 (d, 1H), 8.94 (s, 1H), 9.16 (d, 1H); 13C NMR
(100 MHz, CDCl3): d¼ 55.8, 120.99, 124.4, 125.3, 125.5,
125.7, 128.1, 129.2, 132.6, 139.4, 142.6, 153.1, 158.4,
160.2; m/z (FABMS): 261.2 (MR1).

Spectroscopy and data processing


Absorption spectra at room and higher temperatures
(25–708C) were recorded on a Jasco V-570 UV-Vis-NIR
spectrophotometer equipped with a Julabo ED5
thermostat (precision 18C). Low temperature spectra
(100–300 K) were recorded on a home-built spectropho-
tometer using a specially constructed 6 mm thick cell
cooled by a Cryodyne (CTI Cryogenics) model 21
closed-cycle helium cryostat. An ordinary deuterium
lamp was used as light source, the signal was detected by
a PC2000 Miniature Fiber Optic Spectrometer (Ocean
Optics Inc.) and initially processed by OOIBase 32
(Ocean Optics Inc.) software. All spectra were corrected
for solvent density changes with the temperature
according to a procedure described in the literature.16


All solvents used were of spectral grade.
The recorded spectral data sets with different


tautomeric ratios were processed by the Fishing-Net
Algorithm implemented in the MULTIRES software for
quantitative analysis of undefined mixtures.17 The
mathematical background of the procedure was described
elsewhere.6,18

Quantum chemical calculations


Ab initio (HF/6-31G�� basis set) calculations were done
by the Gaussian 98 program suite.19 Bulk solvent effects
were estimated by single-point calculations using the
polarized continuum model (PCM).20,21 The tautomeric
structures shown in Scheme 2 were optimized without
restrictions and were then characterized as true minima
by vibrational frequency calculations. The dimers and
tautomer-solvent complexes were optimized keeping the
already optimized structures of the individual tautomers
fixed and optimizing only the intermolecular geometry.
Considering this fact the obtained stabilization and
relative energies are the minimal possible values at this
level of theory.

Scheme 2

RESULTS AND DISCUSSION


The tautomeric equilibrium of compound 1 in nonpolar
solvents without substantial proton donor or proton
acceptor properties, was shifted toward enol-like
E-form22 due to its substantially lower dipole moment.
The tautomeric constant (KT), defined as [K]/[E] ratio, in
cyclohexane (CH) was estimated to be 0.09.13 Accord-

Copyright # 2007 John Wiley & Sons, Ltd.

ingly, a similar situation was expected for 6, but the
recorded spectra in toluene at different temperatures
(Fig. 1) show an atypical behavior. Firstly, there is no
evidence for the existence of 6E, which should absorb
around 350 nm, where its model compound 7 absorbs.
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Figure 1. Absorption spectra of 6 (c¼6.92�10�5M) in
toluene as a function of T: from 25 (black solid line) to
708C (dashes) along with the calculated spectra of 6K-SD
(filled circles) and 6K-HTD (empty circles). The absorption
spectrum of 7 (þþþ) is given for comparison
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Secondly, there are substantial spectral changes in the
area of absorbance of the K-form with increase of
temperature: an increase of the intensity at 450 nm and a
decrease at 520 nm. Factor analysis23 of the curves from

able 1. Main quantum-chemical (HF/6-31Gb) results


tructure E (a.u.) m (D)


DE (kcal/mol)


Definition Value


E �796.6322304 1.18 E1K–E1E 1.5c


K �796.6297890 3.48
E �780.6703713 2.98 E6K–E6E 3.8
K �780.6641951 6.69
E( �780.6694753 1.36 E6E(–E6E 0.5
K( �780.6640154 6.81 E6K(–E6K 0.1d


K-HTDa �1561.3404305 9.01 2. E6K–E6K-HTD 8.8
2. E6K–E6K-SD 7.5
E6K-HTD–E6K-SD 1.3


K-SDb �1561.3425661 0
EþDMSOe �1332.2373853 6.59 E6EþEDMSO–E6EþDMSO 12.4
KþDMSOe �1332.2272989 6.60 E6KþEDMSO–E6KþDMSO 9.9


E6KþDMSO–E6EþDMSO 6.3
K-HTDþDMSOe �2112.9023340 11.45 E6K-HTDþEDMSO–E6K-HTDþDMSO 9.2


Head-to-tail dimmer.
Sandwich dimmer.
KT¼ 0.11 in i-octane.22


The rotation barrier (N–Cnaphtalene) between 6K and 6K( is 34 kcal/mol.
Molecule DMSO added.

T


S


1
1
6
6
6
6
6


6
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Fig. 1 proved the existence of a two-component mixture.
In addition, decrease of the temperature down to 100 K
did not cause an essential change in comparison with the
room temperature curve.


Quantum chemical calculations (Scheme 2 and
Table 1) show a substantial difference in the optimized
structures of the tautomeric forms of compounds 1 and 6.
In the case of 1 both tautomeric forms are essentially
planar24 and exist as only one stable isomer (trans) with
respect to the N—Cnaphtalene bond. In the case of 6 each
tautomer has two possible isomers with almost the same
energy (see Table 1), which is caused by the steric
repulsion between the azomethine H-atom and the near
naphthalene hydrogen (structure 6(). This repulsion also
exists in 4 and 5, but in that case it is compensated by
the strength of the intramolecular hydrogen bond, and the
azomethine group remains in the plane of the naphthalene
fragment [9]. In both isomers 6 and 6( the phenyl ring is
twisted, which is typical for the Schiff bases, including
4 and 5.9,10 The most important aspect to be noted in the
more stable 6 is that the tautomeric H-atom lies out of the
plane of the naphthalene ring in the K form (the same is
observed in 6(), giving possibilities for out-of-plane
interactions. As a result of this behavior two stable
dimeric forms of 6K exist—head-to-tail and sandwich
(Scheme 3, Table 1).25 For 6E no stable dimers were
found in the calculations, which is supported experimen-
tally by the lack of spectral changes in the spectral region
of the E-form (Fig. 1). This is probably due to the fact that
the tautomeric proton remains in the plane of the
molecule, which hampers the intermolecular interactions.
Although keto form aggregation was reported for Schiff
bases derived from hydroxybenzaldehyde,26,27 no such

J. Phys. Org. Chem. 2007; 20: 313–320


DOI: 10.1002/poc







Scheme 3. Energy diagram in gas phase


Scheme 4. Energy diagram in various bulk solvents (PCM
model): solid line – gas phase, dashes – toluene, dot-dashes –
DMSO, dots – acetonitrile. The values are collected in Table 2
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behavior was observed in the case of derivatives of
hydroxynaphthaldehyde, at least not in the concentration
range used in UV–Vis spectroscopy.


The energy diagram derived from the quantum
chemical calculations (Scheme 3) explains in a reason-
able way the observed spectral changes in Fig. 1.
Obviously they correspond to an equilibrium between
dimers with relatively close lying energies. The forms 6E
and 6K are not present in the solution because if 6K were
present it would be transformed to the less polar and
more stable (by 3.8 kcal/mol) 6E with an absorption
maximum at �350 nm. In support of this we could
mention that in compound 1 the energy difference
between the tautomeric forms was calculated (Table 1) to
be 1.5 kcal/mol in favor of 1E and in that case the content
of the 1K was less than 10%.


The spectral data from Fig. 1 were analyzed using
MULTIRES software,6 which gives the individual spectra
of the dimers as well as the molar fractions as function of
temperature. As can be seen from Fig. 1, with increase of
the temperature the equilibrium shifts toward 6K-HTD
(to 68% at 758C), but at room temperature the less polar
6K-SD prevails (96%) although the quantum chemical
calculations in toluene (Scheme 4, Table 2) show that both
forms are almost equally stable. Hence, at lower
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Figure 2. Absorption spectra of 6 in acetonitrile with
different concentrations (keeping c.l¼ constant): from
2.5 � 10�4M (solid line) to 5.5 � 10�5M (dashes)
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Figure 3. Absorption spectra of 6 (c¼ 7.9 � 10�5M,
l¼1 cm) in DMSO/toluene solvent mixtures as follows (in
volume %): 100% DMSO (solid black line), 10% DMSO
(dashes), 1% DMSO (þþþþ), 100% Toluene (filled circles).
The curve in toluene is underestimated due to the low
solubility of 6


Table 2. Relative energies (6K in gas phase taken as zero
point) in various solvents (PCM)


Solvent


Structure


6E 6K 6K-HTD 6-SD


Gas phase �3.8 0.0 �7.5 �8.8
DMSO �8.0 �5.0 �16.8 �16.0
Acetonitrile �9.5 �6.5 �16.8 �15.9
Toluene �6.2 �2.9 �11.7 �11.8
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temperature it is expected that only 6K-SD exists, which
is in agreement with the lack of spectral changes below
270 K. The known molar fractions of the dimers lead to
an estimate of the thermodynamic parameters for the
equilibrium 6K�HTD Ð 6K� SD, as follows:
DH¼�5.62 kcal/mol, and DS¼�16.6 cal/mol�K.


The absorption spectra of 6 in toluene at room
temperature are concentration independent (full trans-
formation to the dimers), but in polar solvents the relative
stabilities of the dimers and monomers (6E and 6K) might
change as suggested by Scheme 4. It is clearly seen from
Fig. 2 that in acetonitrile the dimers (and especially 6-SD)
are partially converted to monomers. As a result the
spectra are concentration dependent and absorption bands
of 6E (�360 nm) and 6K (�430 nm) can be seen.
Acetonitrile is a polar solvent with relatively weak proton
donating and substantial proton acceptor properties,11


which leads on one hand to stabilization of the more polar
6-HTD (Scheme 4), but on the other to further

Copyright # 2007 John Wiley & Sons, Ltd.

stabilization of the individual tautomers through specific
interactions with the solvent. It is difficult from Fig. 2 to
judge what the ratio is between the dimers since their
spectra are strongly overlapping with the 6K absorption
maximum, but the existence of isosbestic point clearly
shows that an overall equilibrium exists28 in the form:


26E Ð 26K Ð 6K�HTD Ð 6K� SD


However, this equilibrium scheme does not allow the
data of Fig. 2 to be processed as a four component
mixture, but rather as a two component one (mono-
mers-dimers), since the tautomeric and dimer-dimer
equilibrium constants are concentration independent. The
results give for the most concentrated solution a value of
14% for the monomer (6Eþ 6K) and 86% for the dimers.
The use of the individual spectra of both dimers in toluene
gives one an estimate of 20% for 6K-HTD and 66% for
6-SD, that is, the polar solvent shifts the equilibrium in
accordance with Scheme 4. In the most diluted solution
the percentage of the monomeric tautomers rises to 28%.


Concentration effects were also observed in DMSO
and acetone, where the sandwich dimer was totally
absent. From Fig. 3, in pure DMSO, the lack of absorption
for 6K-SD is evident. Increase of the toluene content in
the binary solvent leads to two effects: increase of amount
of 6E (the less polar tautomer) and rise of the maxima of
the dimers (especially to 6K-HTD). This means that the
initial quantity of the K-form (�430 nm), formed as a
result of the proton acceptor action of DMSO, is now
gradually transformed to both K-dimers and enol
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Scheme 5. Energy diagram in DMSO
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tautomer as expected from the energy diagrams
(Schemes 3 and 5). Comparison between the curves in
100% toluene and 99% toluene shows that the dimer
equilibrium crucially depends on specific solute–solvent
interactions.


The effect of the temperature in DMSO is demon-
strated in Fig. 4. Taking into account the spectral
changes in Fig. 3 a three-component equilibrium
ð26E Ð 26K Ð 6K�HTDÞ can be assumed.
Obviously temperature elevation leads to a decrease of
the dimer and increase of 6E. However, from the spectral
curves it is difficult to find visual confirmation for these
changes. The curves were processed using the Fish-
ing-Net Algorithm6,18 and the individual spectra of the
species were estimated, along with the molar fractions. It
was found that at room temperature the amounts of 6E,
6K, and 6K-HTD are as follows: 10%, 42%, and 48%,
which yields values of KT¼ 0.23 and logKD¼ 5.6.29 At
708C the 6E and 6K amounts increase to 23% and 46%,

Copyright # 2007 John Wiley & Sons, Ltd.

respectively. The molar fractions as a function of the
temperature allowed estimation of DH and DS for both
these processes:


6E Ð 6K : DHT ¼ 3:47 kcal=mol andDST


¼ 8:89 cal=mol � K


26K Ð 6K�HTD : DHD


¼ �9:88 kcal=mol andDSD ¼ �7:72 cal=mol � K


As can be seen, both processes are really competitive
and the enthalpy values are in reasonable agreement with
the relative energies obtained by the quantum chemical
calculations.


The individual spectra of 6K and 6E, shown in Fig. 4,
need some additional comment: in compounds 4 and 5 the
intensity of the keto form is about 1.5–2 times higher than
that of the enol form.9,10 In the case of 6 they are
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Figure 4. Absorption spectra of 6 in DMSO (c¼ 6.4
� 10�5M, l¼1 cm) at different temperatures: from 258C
(black solid line) to 708C (dashes). Calculated spectra of
the K- (filled circles) and E- (rhombs) forms and the head-
to-tail dimer (empty circles)
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approximately the same, which could be associated with
the limited planarity of 6K.
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ABSTRACT: Hydrophobic forms of the N,N-dialkyl-4-nitroaniline (DNAP) (p-O2NC6H4NR2) (1a–f) and alkyl-4-
nitrophenyl ether (p-O2NC6H4OR) (2a–c) solvatochromic p� indicators have been characterized and compared with
respect to: (a) solvatochromic bandshape, (b) sensitivity expressed as Ss, (dvmax/dp


�), and (c) trends in �s with
increasing length of alkyl chain(s) on the probe molecule. —Octyl 4-nitrophenyl ether (p-O2NC6H4OC8H17) (2b) and
—decyl 4-nitrophenyl ether (p-O2N C6H4 OC10H21) (2c) were synthesized and their solvatochromic UV/Vis
absorption bands were found to maintain a Gausso-Lorentzian bandshape for the indicators in non-polar and alkyl
substituted aromatic solvents, for example, hexane(s) and mesitylene. Corresponding absorption bands for 1a–f
display increasing deviation from a Gausso-Lorentzian shape in the same solvents as the alkyl chains on the indicator
are increased in length all the way to C10 and C12, for example, N,N-didecyl-4-nitroaniline (p-O2NC6H4N (C10H21)2)
and N,N-didodecyl-4-nitroaniline (p-O2NC6H4N (C12H25)2) (1d–f). A plot of �s versus Cn follows a 1st order decay
for the DNAP indicators but is linear for the alkyl 4-nitrophenyl ethers. A discussion of how the long alkyl chains on
the two types of indicators affect the orientation and overlap of n andp� orbitals, and resulting solvatochromic bands is
presented. For DNAP, overextending the alkyl chains to obtain greater hydrophobic character may cause the alkane
component to dominate solute-solvation processes at the expense of the probe’s fundamental solvatochromic
character. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: polarity; solvatochromism; indicator; solvenT; p�

INTRODUCTION


The p� scale of solvent dipolarity and polarizability
which is based on the UV/Vis spectral shifts of individual
indicator solutes has found numerous uses since it was
first introduced in 1977 by Kamlet, Abboud, and Taft.1–2


Subsequent modification to scale parameters3 and to the
solvatochromic indicators used to produce individual
dipolarity measurements, p� values,4–6 attest to the
interest that the p� scale has generated and to its overall
broad utility. Among the more recent developments is the
synthesis and application of indicators with increasingly
long hydrophobic tails that permit the probing of solvent
environments inside micelles and lipid bilayers, thus
extending p� measurements to these more complex
organic interfacial systems for which there is consider-
able interest.6–11 In this work, we present and compare the
solvatochromic properties of two of the more hydro-
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phobic forms that we have prepared. They are the long
chain N,N-dialkyl-4-nitroanilines and some long chain
alkyl 4-nitrophenyl ethers (Figs 1 and 2). These newer
dyes comprise lipophilic forms of two of the seven
original indicators employed by Kamlet et al. in their
development of the original p� scale.1


Of particular interest in the characterization of new
polarity-sensitive indicators are (1) the shape of an
individual spectral band from which the wavenumber of
maximum absorption ðvmaxÞ is determined and (2) the
magnitude of the slope of a linear plot of vmaxversus
solvent p�, the �s parameter.1 Deviation from a Gaussian
or Lorentzian band shape can result in a lack of accuracy
and precision in locating vmax and in certain cases may
invalidate the use of the indicator as a polarity probe. �s
provides a measure of an indicator’s sensitivity, for
example, spectral shifting capability. Larger values (of
�s) result in a greater ability of the probe to resolve small
differences in dipolarity among solvation environments.
For heterogeneous systems where the probe resides in an
anisotropic environment, such differences can be signifi-
cant. Optimization of these two properties is thus a
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Figure 1. Homologous series of di-n-(alkyl)-4-nitroaniline
(DNAP) indicators: N,N-dimethyl-4-nitroaniline (1a), N,N-
diethyl-4-nitroaniline (1b), N,N-dipropyl-4-nitroaniline (1c),
N,N-dioctyl-4-nitroaniline (1d), N,N-didecyl-4-nitroaniline
(1e), N,N-didodecyl-4-nitroaniline (1f)
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consideration in tailoring new p� indicators for use in
these complex systems.

Theory and background


Solvatochromic dyes act as indicators of solvent polarity
by exhibiting shifts in the positions of their UV/Vis
absorption bands. The ‘push–pull’ molecular system
illustrated in Fig. 3 shows the structural features that give
solvatochromic dyes their unique spectroscopic proper-
ties. The p� indicators are a class of solvatochromic dyes
that respond to the non-specific portion of van der Waal’s
forces, for example, solvent induction, dispersion, and
dipolar effects,1–2 where the p� parameter is calculated
from the positions of UV/Vis absorption bands of an
indicator in the solvent environment of interest. Exper-
imental values (of p�) are related to the transition energy
through a linear solvation energy relationship (LSER) of
the following form.


vmax ¼ vo þ sp� (1)

O


N
O-O


+


O


N
O-O


+


O


N
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 2a. 2b. 2c.


Figure 2. Homologousseriesofsolvatochromic4-alkyloxynitro-
benzenes: 4-nitroanisole (2a), 4-octyloxynitrobenzene (2b),
and 4-decyloxynitrobenzene (2c)
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In Equation 1, vmax is the wavenumber of maximum
absorption, in cm�1, for the indicator in the solvent of
interest; vo is the wavenumber of maximum absorption
for the indicator in cyclohexane. Within the context of the
p� scale, the slope s (Eqn 1) reflects the magnitude of
spectral shift over a range of solvents that span two
reference points, cyclohexane (p�¼ 0.00) and dimethyl-
sulfoxide (p�¼ 1.00).1 A correction term (dd) that weighs
the relative polarizability of individual solvents according
to membership in one of three structural classes, for
example, chlorinated (dd¼ 0.5), aliphatic (dd¼ 0.0), or
aromatic (dd¼ 1.00) solvents, was added to the LSER
(Eqn 1) in 19813 though the parameter has not been
consistently applied.


The first p� scale1 was based on the UV/Vis spectra of
seven indicators where the intent was to create an
approach that combined the individual spectral anomalies
of a suite of probes.1 It was later suggested that such
averaging of spectral information blurred meaningful
contributions and that a scale based on the UV/Vis
absorption bands of a single indicator was to be
preferred.2 Of the seven initial probes, the N,N-
dialkyl-4-nitroanilines, 1a and 1b, were found to be
most sensitive to non-specific solvent interactions (e.g.,
high �s, Eqn 1). However, 1b was reported to have a
significant solvent-dependent bandshape suggesting that
longer-chain versions of this indicator might suffer
similarly. 4-Nitroanisole (2a), while less sensitive, that
is, lower �s, was considered to be most desirable based
on its Gausso-Lorentzian bandshape which was seen to be
constant for media ranging all the way from the gas phase
to the most polar solvents.2,12 As we have prepared long
alkyl chain versions of both 1a–b and 2a (Figs 1 and
2),13,14 we can now pursue a more rigorous comparison of
the solvatochromic and spectral band shape properties of
these more hydrophobic p� indicators.

EXPERIMENTAL


Reagents (solvents)


Acetonitrile (99.9% anhydrous), benzonitrile (99þ%
spectrophotometric grade), cyclohexane (99þ% spectro-
photometric grade), hexanes and n-hexane (spectro-
photometric grade), n-heptane (spectrophotmetric grade),
n-pentane (99þ% spectrophotometric grade), 1,4-dioxane
(99.0% spectrophotometric grade), N,N-dimethylaceta-
mide (99þ% spectrophotometric grade), N,N- dimethyl-
formamide (DMF)(99.8% anhydrous), dimethylsulfoxide
(DMSO) (99.7% anhydrous), chlorobenzene (99þ%
spectrophotometric grade), benzene (99þ% spectro-
photometric grade), toluene (99.8% anhydrous), mesity-
lene (99%), —butyl acetate (spectrophotometric grade),
ethyl acetate (99.9% spectrophotometric grade),
diethyl ether(anhydrous), di-butyl ether (99þ%),
di-2-propyl ether (99% anhydrous), tetrahydrofuran
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Figure 3. Model of a solvatochromic p� indicator (a); dipolar mesomeric structures of alkyl-4-nitrophenyl ethers in the ground
(b) and excited (c) state; dipolar mesomeric structures of DNAP indicators in the ground (d) and excited (e) state
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(THF) (99.5% anhydrous), pyridine (99.8% anhydrous),
N-methylpyrrolidin-2-one (NMP), 1,2-dichloroethane
(extra dry), tetrachloroethene (99þ% spectrophotometric
grade), and triethylamine (99.7%) were purchased from
Acros and used as received.

Instrumentation


UV/Vis spectra were recorded on both Varian Cary 3E
and Beckman DU-640 scanning dispersive UV/Vis
spectrophotometers. Values for spectral bandwidth were
1.2 and 1.8 nm, respectively. Spectral data collection
intervals were 0.4 and 0.5 nm, respectively. For the Cary
3E, the cell block was thermostatted to 25 8C. Ambient
room temperatures were used in the operation of the
Beckman DU-640. All spectra were digitized and
converted to an ASCII format and imported into a
Quattro Pro or Excel spreadsheet for background
correction and subsequent data analysis.


1H NMR spectra, obtained for structure confirmation
on the synthesized alkyl 4-nitrophenyl ethers, were measured
at 400 MHz on Gemini Varian FT-NMR instrumentation.
Chemical shifts were referenced to tetramethylsilane
(TMS). CDCl3 was used as the supporting solvent in all
NMR measurements. Separations for synthesis reaction
mixtures were carried out using thin-layer chromatog-
raphy (TLC) and gas chromatography with mass
spectrometric detection (GC/MS). Diagnostic TLC was
performed using Whatman 250mm silica gel plates. GC/
MS data were collected on an HP Model 5890
chromatograph with an HP Model 5971 mass selective

Table 1. Summary of procedure for synthesis of 2b–c and addi


R- K2CO3 mmol (g) 4-nitrophenol mmol (g) R–X


-Butylb 17.03 (2.34) 16.84 (2.343) Iodobutan
-Hexyl 19.58 (2.70) 20.23 (2.814) Iodohexan
-Heptylb 18.59 (2.57) 19.18 (2.669) Iodohepta
-Octyla 18.86 (2.60) 18.07 (2.516) Iodooctan
-Decyla 18.50 (2.55) 18.999 (2.643) Iododecan


a Long alkyl chain dyes used in spectral studies and comprehensive �s determin
b Used to corroborate observed trends in �s.
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detector. Molecular masses were taken from the mass
spectral data.


Synthesis


An homologous suite of N,N-dialkyl-4-nitroanilines was
synthesized using methods described in Mansour et al.5


Indicators in this group that were characterized for the
present study are the crystalline N,N-dipropyl-4-nitroani-
line, N,N-dioctyl-4-nitroaniline, N,N-didecyl-4-nitroaniline,
and N,N-didodecyl-4-nitroaniline. 4-Alkyloxynitrobenzenes
with alkyl chain lengths of two, four, six, seven, eight, and
ten carbons were synthesized as follows.


Procedure for synthesis of alkyl 4-nitrophenyl
ethers (R—O—Ph—NO2). In a 3-necked 250-mL
round-bottomed flask equipped with a dropping funnel
and reflux condenser, approximately 0.02 mole of
4-nitrophenol was added with approximately 0.02 mole
of K2CO3 in 40 mL of acetone. The acetone solution was
brought to reflux and neat haloalkanes were added slowly.
The reaction was followed by TLC until completion about
48–72 h, depending on alkyl chain length. After cooling,
the acetone was removed in a rotary evaporator. The solid
was dissolved in 30 mL of distilled water and extracted
with three 30 mL portions of tert-butyl methyl ether. The
ether solution was washed with three 30 mL portions of
3 M aqueous NaOH solution until the yellow color of the
phenolate anion was no longer present. The ether was
dried and then removed by rotary evaporation. The
materials are low melting solids. No melting points were
recorded. Purity was checked by GC/MS and NMR. The
yields were not optimized (Table 1).15

tional species


mmol (g) Reflux time (h) R–O–Ph–NO2 (g) % yield


e 16.90 (3.11) 48 (2.36) 71%
e 19.64 (4.16) 57 (1.86) 43%
ne 18.30 (4.13) 64 (2.58) 63%
e 16.69 (4.00) 70 (2.90) 69%
e 18.35 (4.92) 71 (3.34) 61%


ations.
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Identification of the alkyl 4-nitrophenyl ethers
(R—O—Ph—NO2). Butyl 4-nitrophenyl ether (CAS
7244-78-2). 1H NMR (CDCl3) d 0.98 (t 3H, CH3) 1.5 (m
2H, CH2), 1.8 (m 2H, CH2), 4.05 (t 2H, CH2), 6.93 (d 2H,
Ar), 8.16 (d 2H, Ar); GC/MS m/z 195, calcd m/z
for C10H13NO3 195.


Hexyl 4-nitrophenyl ether (CAS 15440-98-9). 1H NMR
(CDCl3) d 0.89 (t 3H, CH3), 1.33 (m 6H CH2), 1.45 (m
2H, CH2), 1.81 (m 2H, CH2), 4.03 (t 2H, CH2), 6.91 (d
2H, Ar), 8.15 (d 2H, Ar); GC/MS m/z 223, calcd m/z
for C12H15NO3 223.


Heptyl 4-nitrophenyl ether (CAS 13565-36-1).
1H NMR (CDCl3) d 0.89 (t 3H, CH3), 1.32 (m
6H CH2), 1.45 (m 2H, CH2), 1.81 (m 2H, CH2), 4.03
(t 2H, CH2), 6.91 (d 2H, Ar), 8.15 (d 2H, Ar); GC/MS m/z
237, calcd m/z for C13H19NO3 237.


Octyl 4-nitrophenyl ether (CAS 49562-76-7). 1H NMR
(CDCl3) d 0.88 (t 3H, CH3), 1.31 (m 8H, CH2), 1.46 (m
2H, CH2), 1.81 (m 2H, CH2), 4.04 (t 2H, CH2), 6.93 (d
2H, Ar), 8.19 (d 2H, Ar); GC/MS m/z 251, calcd m/z
for C14H21NO3 251.


Decyl 4-nitrophenyl ether (CAS 31657-37-1). 1H NMR
(CDCl3) d 0.84 (t 3H, CH3), 1.27 (m 12H, CH2), 1.41 (m

Table 2. Values of vmaxin cm�1 for N,N-dipropyl-4-NO2 (1) and


Solvent


(1)


Gaussiana Lorentzian


1 Benzonitrile 24.767 24.765
2 Chlorobenzene 25.385 25.384
3 n-Heptane 27.543 27.543
4 N,N-Dimethylacetamide 24.709 24.707
5 DMF 24.662 24.660
6 DMSO 24.309 24.307
7 Benzene 25.853 25.851
8 n-Butyl acetate 25.978 25.976
9 Butyl ether 26.829 26.828
10 Di-isopropyl ether 26.793 26.792
11 THF 25.669 25.669
12 Pyridine 24.767 24.765
13 NMP 24.590 24.588
14 1,2-Dichloroethane 24.963 24.962
15 Triethylamine 27.070 27.070
16 Tetrachloroethene 26.661 26.660
17 1,4-Dioxane 25.818 25.817
18 Ethyl ether 26.621 26.621
19 n-Hexane 27.373 27.373
20 n-Pentane 27.719 27.718
21 Acetonitrile 24.908 24.885
22 Mesitylene 26.231 26.230
23 Ethyl acetate


a Range of Chi-square¼ 9.5� 10�6 to 4.0� 10�5; range of r2¼ 0.9539 to 0.988
b Range of Chi-square¼ 9.3� 10�6 to 4.0� 10�5; range of r2¼ 0.9489 to 0.989
c Range of Chi-square¼ 7.10� 10�6 to 5.0� 10�5; range of r2¼ 0.9037 to 0.99
d Range of Chi-square¼ 7.15� 10�6 to 6.0� 10�5; range of r2¼ 0.9152 to 0.99
e Values are for cyclohexane.
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2H, CH2), 1.78 (m 2H, CH2), 3.98 (t 2H, CH2), 6.87 (d
2H, Ar), 8.09 (d 2H, Ar); GC/MS m/z 279, calcd m/z
for C16H25NO3 279.

Determination of Ss and bandshape studies


Values of �s were calculated for each new indicator from
their individual UV/Vis spectra in 20–23 non-
hydrogen-bond-donor (non-HBD) solvents. The solvents
(Tables 2–4) were selected from a list of non-HBD and
non-hydrogen-bond-acceptor (non-HBA) solvents uti-
lized by Kamlet et al.1 in the construction of their original
p� scale and in the estimation of �s for several of their
original small molecule indicators.1 Values of vmax were
determined from the 90% method16 and from the best fit
Gaussian or Lorentzian as applied to the top 0.1 to 0.15
absorbance range of an individual band; note: our
preliminary studies showed that fitting of the entire
spectral band yields lmax values that are affected by the
adjacent baseline.13 The ‘goodness’ of the fit, for
example, Gaussian or Lorentzian, is expressed via
Chi-square and r2 values, obtained from the individual
fitting routines. Model fitting was implemented using
Origin ver. 6.1 software. In addition to providing vmax


values, Gaussian and Lorentzian fitting of individual
spectra was used to compare bandshapes for C8 and C10

N,N-dioctyl-4-NO2 (2)


(2)


b 90/90 Gaussianc Lorentziand 90/90


24.69 24.625 24.624 24.61
25.32 25.279 25.279 25.27
27.55 27.369 27.369 27.35
24.7 24.707 24.707 24.7
24.66
24.32 24.223 24.222 24.2
25.71 25.783 25.781 25.73
25.91 25.867 25.867 25.81
26.72 26.693 26.692 26.65
26.72 26.653 26.645 26.62
25.65 25.581 25.581 25.58
24.77 24.702 24.700 24.69
24.58 24.521 24.520 24.5
24.95 24.828 24.828 24.82
27.06 26.910 26.911 27.03
26.63 26.535 26.534 26.49
25.78 25.718 25.716 25.74
26.58 26.388 26.386 26.38
27.38 27.209e 27.210e 27.18e


27.68
24.89
26.24 26.227 26.231 26.24


25.740 25.740 25.71


6.
3.
23.
19.
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Table 3. Values of vmax in cm�1for N,N-didecyl-4-NO2 (1) and N,N-didodecyl-4-NO2 (2)


Solvent


(1) (2)


Gaussiana Lorentzianb 90/90 Gaussianc Lorentziand 90/90


1 Acetone 25.073 25.073 25.14 25.080 25.078 25.06
2 Benzonitrile 24.597 24.596 24.58 24.624 24.615 24.62
3 Chlorobenzene 25.272 25.272 25.25 25.290 25.290 25.29
4 n-Heptane 27.359 27.359 27.33 27.354 27.354 27.34
5 n-Hexane 27.199 27.199 27.21 27.196e 27.196e 27.26e


6 N,N-Dimethylacetamide 24.617 24.616 24.61 24.642 24.640 24.66
7 DMF 24.551 24.548 24.54 24.554 24.553 24.55
8 DMSO 24.204 24.203 24.2 24.199 24.198 24.2
9 Benzene 25.813 25.811 25.63 25.825 25.823 25.82
10 Toluene 26.008 26.006 25.98 25.992 25.997 26.028
11 n-Butyl acetate 25.871 25.870 25.87 25.859 25.823 25.85
12 Ethyl acetate 25.717 25.716 25.73 25.730 25.997 25.72
13 di-ethyl ether 26.454 26.453 26.46
14 di-butyl ether 26.670 26.670 26.64 26.715 26.714 26.64
15 di-2-propyl ether 26.651 26.649 26.62 25.720f 25.720f 25.71f


16 THF 25.574 25.573 25.54 25.590 24.628 25.55
17 Pyridine 24.679 24.679 24.67 24.629 24.494 24.67
18 NMP 24.474 24.478 24.45 24.496 24.494 24.5
19 1,2-Dichloroethane 24.844 24.844 24.83 24.871 24.876 24.85
20 Triethylamine 26.866 26.866 27.01 26.930 26.931 26.92
21 Tetrachloroethene 26.524 26.525 26.50 26.570 26.571 26.5
22 Mesitylene 26.254 26.252 26.25


a Range of Chi-square¼ 9.5� 10�6 to 4.0� 10�5; range of r2¼ 0.9539 to 0.9886.
b Range of Chi-square¼ 9.3� 10�6 to 4.5� 10�5; range of r2¼ 0.9489 to 0.9893.
c Range of Chi-square¼ 7.10� 10�6 to 5.0� 10�5; range of r2¼ 0.9037 to 0.9923.
d Range of Chi-square¼ 7.15� 10�6 to 6.0� 10�5; Range of r2¼ 0.9152 to 0.9919.
e Values are for cyclohexane.
f Values are for the cyclic ether dioxane.
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4-alkyloxynitrobenzenes with those of the C3, C8, C10,
and C12 DNAP indicators.

RESULTS AND DISCUSSION


Solvents and solvatochromic
absorption bands


The ranges of lmax for solvatochromic bands of the
DNAP indicators (Fig. 1) versus those of the alkyl
4-nitrophenyl ethers (Fig. 2) in non-HBD solvents of
varying dipolarity (Tables 2–4) are 350–424 nm and
292–319 nm, respectively. The more blue-shifted range of
lmax for the alkyl nitrophenyl ethers resulted in our
excluding acetone and other ketones from the solvent list
for these indicators since UVabsorption by those solvents
overlapped strongly with the solvatochromic absorption
bands of 2b and 2c, which accordingly could not be
resolved. Spectra of other conjugated solvents such as
benzene, toluene, mesitylene, and NMP overlap partially
with solvatochromic bands of the long chain alkyloxy
dyes such that bands for these indicators could be
resolved when the solvent spectrum was subtracted from
that of the solution; thus these latter solvents were
included in the list of those used in establishing LSERs

Copyright # 2007 John Wiley & Sons, Ltd.

(Eqn 1) for 2b and 2c (Table 4). We note that the spectrum
of pyridine overlaps too strongly with the solvatochromic
band of 2a in that solvent while 2b and 2c have
solvatochromic bands that are slightly red shifted when in
pyridine such that this solvent is usable for establishing p�


scales based on the longer-chain alkyloxy dye.
Values of vmax obtained via the three methods,


Gausssian and Lorenztian fit, and the 90% method of
Kamlet et al.,16 from individual UV/Vis spectra of the
N,N-dipropyl, dioctyl, didecyl, and didodecyl-4-
nitroanilines in each of 20–23 solvents are given in
Tables 2–3. Corresponding vmaxvalues for the C8 and C10


alkyl 4-nitrophenyl ethers are listed in Table 4. Use of
both Gaussian and Lorentzian spectral band fitting as a
means for locating and estimating lmax for bands of these
two types of p� indicators has permitted us to
simultaneously examine band shape in a statistical
manner, for example, as the extent of deviation from a
Gaussian or Lorentzian bandshape or by comparing lmax


from the individual routines. For example, solvatochro-
mic bands of the DNAP indicators in all solvents showed
differences in magnitude of fitted lmax, between
individual Gaussian and Lorentzian fit, that ranged from
0 to 0.37 nm. The differences between the two approaches
were not more than 0.03 nm for bands of the C8 and C10


alkyl 4-nitrophenyl ethers. The errors in individual
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Table 4. Values of vmax in cm�1 for 4-octyloxynitrobenzene (1) and 4-decyloxynitrobenzene (2)


# Solvent


(1) (2)


Gaussiana Lorentzianb Gaussianc Lorentziand


1 Acetonitrile 32.287 32.287 32.184 32.184
2 Benzonitrile 31.760 31.758 31.706 31.706
3 Chlorobenzene 32.220 32.219 32.201 32.501
4 Cyclohexane 33.790 33.789 34.071 34.069
5 n-Heptane 33.931 33.930 33.940 33.939
6 N,N-Dimethylacetamide 31.809 31.809 31.820 31.819
7 DMF 31.800 31.930 31.774 31.773
8 DMSO 31.323 31.323 31.480 31.478
9 Benzene 32.521 32.521 32.503 31.501
10 Mesitylene 32.886 32.883 32.753 32.752
11 Ethyl acetate 32.751 32.751 32.818 32.817
12 di-ethyl ether 33.298 33.296 33.283 33.283
13 di-butyl ether 33.364 33.363 33.367 33.367
14 THF 32.510 32.510 33.155 33.153
15 Pyridine 31.735 31.736 31.709 31.707
16 NMP 31.560 31.560 31.576 31.576
17 1,2-Dichloroethane 31.815 31.814 31.984 31.983
18 Triethylamine 33.667 33.666 33.765 33.764
19 Tetrachloroethene 33.184 33.184 33.135 33.136
20 Dioxane 32.599 32.598 32.639 32.639
21 Pentane 34.211 34.214
22 di-2-propyl ether 33.35 33.46 33.374 33.374
23 Toluene 32.61 32.59 32.592 32.592


a Range of Chi-square¼ 1.85� 10�6 to 2.0� 10�5; single outliers at 1.8� 10�4 and 3.8� 10�4 for benzonitrile and triethylamine, respectively; range of
r2¼ 0.9745 to 0.9982.
b Range of Chi-square¼ 2.02� 10�6 to 2.0� 10�5; single outliers at 1.9� 10�4 and 3.9� 10�4 for benzonitrile and triethylamine, respectively; range of
r2¼ 0.9739 to 0.9980.
c Range of Chi-square¼ 7.78� 10�7 to 1.0� 10�5; range of r2¼ 0.9767 to 0.9986.
d Range of Chi-square¼ 1.37� 10�6 to 2.0� 10�5; range of r2¼ 0.9870 to 0.9985.


Figure 4. Solvatochromic (UV/Vis) absorption bands of 2a
(left) and 2c (right) in hexane(s)
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spectral fitting routines expressed as Chi-square (note: the
larger the Chi-square value, the poorer the fit) and r2 are
also relevant. For example, the average Chi-square value
for individual Gaussian fits over the range of solvents was
36 times greater for 1e (N,N-didecyl-4-nitroaniline) than
for the single chain 4-decyloxynitrobenzene (2c). Look-
ing at the corresponding r2, we see that 90% of the r2


values were 0.99 or greater for 2c, whereas for 1e only 5%
of those values were greater than 0.99. A very similar
result was obtained for the Lorentzian fits where average
Chi–square values for fitting solvatochromic bands of
N,N-didecyl-4-nitroaniline (1e) were 28 times greater
than those of 2c (4-decyloxynitrobenzene) with 90% of r2


greater than 0.99 for the latter alkyloxy dye and just 5% of
r2 greater than 0.99 for the N,N-didecyl-4-nitroaniline.


The implications of these fitting data (e.g., summaries
of r2 and Chi-square for Gaussian and Lorentzian fits) are
illustrated in Figs 4 and 5. Figure 4 shows that both
solvatochromic bands of 2c and its short alkyl chain
counterpart 2a in the non-polar solvent hexanes maintain
a Gausso-Lorentzian bandshape. Likewise, the solvato-
chromic band for 1e in hexanes deviates in shape from
that of 1a, presenting an overall less ‘Gaussian-like’ band.
Laurence et al. (1994)2 have stated that of all the smaller
molecule solvatochromic p� indicators, 1a and 2a are
among the choice molecular probes based on their

Copyright # 2007 John Wiley & Sons, Ltd.

constant Gausso-Lorentzian bandshape which is main-
tained over a wide range of solvent polarities, but that
lengthening the alkyl chain on 1a to two carbons, for
example, 1b, results in severe bandshape distortions in
spectra of 1b, especially for the most non-polar alkane
solvent environments. Unlike that of the DNAP indicators
(Fig. 5), we observe that long alkyl chain versions of
4-nitroanisole, 2a, do not exhibit such spectral bandshape
deviations (Fig. 4).


In the earlier studies of indicator-specific spectral
anomalies,12 it was further suggested that polarizable
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Figure 5. Solvatochromic (UV/Vis) absorption bands for 1a
and 1e in hexane(s)
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solvents such as toluene, p-xylene, and mesitylene could
also influence the vibrational fine structure and bandshape
for solvatochromic bands of 1b.12 In this work, we find
that such effects, while somewhat evident in spectra of 1b,
for mesitylene, become much further exaggerated in
spectra of 1d–e in that solvent. Fig. 6 illustrates the
progressive increase in deviation from a Gausso-
Lorentzian bandshape as the alkyl chains are increased
in length (1a–d) for selected DNAP indicators in
mesitylene. The first appearance of spectral broadening

Figure 6. UV/Vis spectra of the upper portions of individual so
double peak Gaussian fit (___) for 1a–d in mesitylene. For Gau
(1)¼373.7 nm (outlier on LSER for 1d), lmax (2)¼ 386.1 nm (poin
spectrum d, lmax¼381.2 nm
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is highlighted for 1b (Fig. 6–1b) where these results are
consistent with previous findings.12 The distortion
becomes increasingly exaggerated for 1c and 1d such
that a dual peak spectral fitting routine, as opposed to a
single Gaussian or Lorentzian, more accurately describes
the solvatochromic band. Values of r2 and Chi-square for
the dual peak fit of the band(s) of 1d are 0.99 and
4.6� 10�6, respectively. Conversely, the spectrum of 2b,
the corresponding alkyloxy indicator, in mesitylene
(Fig. 7) shows that the long chain alkyl 4-nitrophenyl
ethers are not similarly affected; the solvatochromic band
for 2b, 4-octyloxynitrobenzene, in mesitylene shows no
such spectral distortion; r2¼ 0.98, Chi-square¼ 5.8�
10�6 for the single peak Gaussian fitted band.

Spectral effects and electron-pair-donor
groups


Earlier discussions of the effect(s) of different electron-
pair-donor groups on the UV/Vis spectroscopic properties
of p� indicators have almost always invoked steric
attributes on the part of the donor substituent to explain
their differing effect on the solvatochromic properties of
the probe.1 In particular, it has been stated in the context

lvatochromic absorption bands (. . ...) with best fit single or
ssian dual peak fit of 1d (N,N-dioctyl-4-nitroaniline): lmax


t lies on the LSER for 1d; note: for single peak Gaussian fit of
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Figure 7. UV/Vis spectrum of upper portion of solvatochro-
mic absorption band (. . .. . .) with best fit Gaussian (_____) of
2b in mesitylene
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of n-alkyl groups that depending on structure, the donor
substituent can sterically hinder solvation of the
non-bonding (n) electron pair. This in turn affects
intramolecular charge transfer and the resulting dipolar
properties of the indicator in response to the solvent
(Fig. 3c and e). For small short-alkyl chain donor
substituents, the steric hindrance argument would seem
reasonable. But if a particular spectroscopic effect, for
example, bandshape distortion, becomes increasingly
pronounced as the alkyl chains are extended beyond that
which could be expected to provide simple steric blocking
of the lone electron-pair, then another mechanism might
be proposed. The two vibrationally separated absorption
bands (Fig. 6-1d) seen in spectra of N,N-dioctyl-4-
nitroaniline in mesitylene which are less pronounced for
the N,N-dipropyl (1c; Fig. 6-1c) and barely existent for
N,N-diethyl-4-nitroaniline(1b; Fig. 6-1b) are examples of
this situation. We suggest that motions of the longer alkyl
chains on the donor group affect the conformation of the
indicator and the orientation of the lone electron pair in
relation to the solvent and to the p� orbital with which it
overlaps during a transition (n-p�). Moreover, it is not
inconceivable that the very long alkyl chains affect the
nature of the solvent in the vicinity of the n orbital, for
these indicators. This latter effect is easy to envision in the
case of N,N-didecyl-4-nitroaniline (1e) and N,N-
didodecyl-4-nitroaniline (1f) as the alkyl moieties of
these dyes are so long that they actually become part of
the solvent in the n orbital region of the molecule.


That these spectral effects are seen primarily in pure
alkane solvents and in alkane substituted benzenes, both
of which have structural motifs in common with DNAP
indicators, suggest the existence of non-specific solute–
solvent interactions that are most pronounced for these
solvent–dye systems. Where the n orbital of the DNAP
indicator is not directly oriented toward the solvent as
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compared to that of the alkyloxy dye, the result due to
motions of the alkyl chain pair is an uneven ability of the
(n) orbital to overlap directly with the neighboring p�


orbital (Fig. 3e) resulting in two conformationally distinct
excited states, one that is less well relaxed (band at
lmax¼ 373.7 nm, Fig. 6-1d) and one that is more stable
(band at lmax¼ 386.1 nm, Fig. 6-1d), that is, based on
orientation of the n orbital with respect to the p� orbital.
We suggest that the longer-wavelength lower-energy
absorption (lmax¼ 386.1 nm, Fig. 6-1d) is the useful
solvatochromic band as vmax for this latter peak falls
neatly on the line of a linear plot of vmaxversusp


� while
vmax for the less stable excited state (lmax¼ 373.7 nm,
Fig. 6d), which varies slightly more with alkyl chain
length than the longer wavelength band, exists as an
outlier on the LSER for that indicator. For
N,N-diethyl-4-nitroaniline (1b), this conformational
effect is not well pronounced resulting in an apparent
lmax for the solvatochromic band that is closer to an
average of these effects (Fig. 6-1b, lmax¼ 381.2 nm).


The n orbital on the corresponding long chain
4-alkyloxynitrobenzene is oriented more directly toward
the solvent over a wide range of O-alkyl chain lengths.
Motions on the part of the single alkyl chain on these
nitrophenyl ether probes do not affect solvation of the n
electrons on the oxygen of this indicator or their
orientation with respect to the neighboring p� orbital
on the excited-state resonance structure (see Fig. 3c).
Thus, no such conformational spectral effects are seen for
the probe in mesitylene (Fig. 7) or any other solvent.

LSERS and trends in Ss


LSERs (Eqn 1) were prepared for 1c–f and 2b–c using the
values of vmax listed in Tables 2–4, in order to rigorously
determine �s for the probes and to observe trends in �s
over the range of alkyl chain lengths for these two types of
p� indicators (Figs 1 and 2). For consistency in
comparison of values, we have re-determined �s for
the well characterized small molecule probes (1a–b and
2a) using the same solvent list (Tables 2–4); these values
compare favorably with those of Kamlet et al.1 Table 5
summarizes all �s values for indicators in this work
computed to date, including some previously published
seven-point determinations.4,8


We suggest that the conformational effects proposed
for 1e–f in the solvent mesitylene, which resulted in an
outlier point for selected spectral bands (Fig. 6-1d) on
LSERs for those dyes, may also manifest themselves in
the region of the LSER that corresponds to vmax for linear
alkane solvents (p�� 0.00). Our previous argument that
the -decyl and -dodecyl chains become part of the solvent
in the region of the n orbital for DNAP indicators may
explain the observed decrease in sensitivity of Dvmax as a
function of solvent p� in the ‘alkane’ region of the LSER.
This phenomenon is best illustrated in the LSER for
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Table 5. Values of �s, current and previous, for DNAP and 4-alkoxynitrobenzenes


Indicator Method of lmax fit # solvents vo �s References


1a (dimethyl) 90% 7 28.18 3.445 Carrozzino et al. (2004)8


90% 7 28.23 3.464 Helburn et al. (1997)4


90% 28 28.10 3.436 Kamlet et al. (1977)1


90% 20 28.18 3.44 This work
Gaussian fit 20 28.17 3.384 This work
Lorentzian fit 20 28.17 3.386 This work


1b (diethyl) 90% 7 27.52 3.130 Carrozzino et al. (2004)8


90% 7 27.52 3.136 Helburn et al. (1997)4


90% 28 27.52 3.182 Kamlet et al. (1977)1


90% 20 27.53 3.125 This work
Gaussian fit 20 27.55 3.145 This work
Lorentzian fit 20 27.55 3.146 This work


1c (di-propyl) 90% 7 27.41 3.114 Carrozzino et al. (2004)8


90% 7 27.39 3.007 Helburn et al. (1997)4


90% 21 27.39 3.067 This work
Gaussian fit 21 27.43 3.067 This work
Lorentzian fit 21 27.43 3.07 This work


1d (di-octyl) 90% 7 27.18 2.921 Carrozzino et al. (2004)8


90% 20 27.30 2.971 This work
Gaussian fit 20 27.30 2.906 This work
Lorentzian fit 20 27.30 2.958 This work


1e (di-decyl) 90% 7 27.21 2.956 Carrozzino et al. (2004)8


90% 20 27.26 2.9608 This work
Gaussian fit 20 27.25 2.927 This work
Lorentzian fit 20 27.25 2.928 This work


1f (di-dodecyl) 90% 20 27.32 2.997 This work
Gaussian 20 27.33 3.017 This work
Lorentzian 20 27.35 3.04 This work


2a (methoxy) 90% 28 34.17 2.410 Kamlet et al. (1977)1


Gaussian 21 34.16 2.409 This work
Lorentzian 21 34.16 2.405 This work


2b (-octyloxy) Gaussian 22 33.91 2.433 This work
Lorentzian 22 33.91 2.425 This work


2c (-decyloxy) Gaussian 23 33.95 2.436 This work
Lorentzian 23 33.95 2.415 This work


Figure 8. LSER (vmaxvs. p�, Eqn. 1) for N,N-didodecyl-
4-nitroaniline. Values of vmax determined by Lorentzian
fitting of the upper portion of individual indicator bands.
Linear fit (__) r2¼0.9730; polynomial fit (----) r2¼ 0.9843;
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N,N-didodecyl-4-nitroaniline (Fig. 8). As the polarity of
the solvent approaches that of a linear alkane (p�< 0.00),
solute–solvent interactions which are fewer than those for
the more dipolar solvents become dominated by the long
alkyl chains on the indicator, which is now more
alkyl-like than phenyl-like, such that the solvent in the
region of the n electrons becomes essentially unchanging
and unable to elicit any further shift in the dipolar nature
of the probe molecule. The result is an overall decrease in
sensitivity of vmax to changes in solvent p� in the negative
p� region of the plot (Fig. 8). It is of interest to note that
the organization of alkyl chains for DNAP indicators in
the context of their crystal structure also is different for
the short and long chain species. In a previous paper,5 we
reported that the layered packing of 1c (N,N-
dipropyl-4-nitroaniline) lacks a center of symmetry
resulting in a polar crystal, while layers of N,N-
didecyl-4-nitroaniline (1d) exhibit cosymmetry such that
the crystal is non-polar.5


The observed change in �s over the range of
carbon-chain length illustrated for both DNAP and
nitrophenyl ether indicators (Fig. 9) is in support of the
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Figure 9. �s versus # of carbons on alkyl chain. (a) Plot for
DNAP indicators including points obtained from vmax esti-
mated via the 90% (^) and Lorentzian fit (5); plot is fitted
with a 1st order exponential decay and (b) plot for
4-nitroalkoxybenzenes including points obtained from vmax


estimated via Gaussian band fit (&) and Lorentzian band fit
(*). Three center points (&) indicated by arrows represent
two-point estimates of �s (based on vmax for cyclohexane
and DMSO only) for the C2, C4, and C7


4-alkyloxynitrobenzenes,18 these points were added to
confirm linearity of the plot


330 R. HELBURN ET AL.

proposed mechanisms that we have discussed, though it
should be emphasized that s ðdvmax=dp�Þ represents an
average indicator response over many solvents rather than
specific spectral details (such as we have discussed in the
case of selected solvents). Overall, �s is larger for the
DNAP indicators than for the nitrophenyl ether dyes
(Table 5) due, at least in part, to the stronger
electron-donating properties of the -NR2 dialkylamino
substituent over that of the -OR alkyloxy group, which
when paired with an electron-accepting -NO2 through the
conjugated system (Fig. 3), results in a stronger
intramolecular dipole (for DNAP) that is better aligned
with the solvent dipole, especially for the excited state
(Fig. 3e).17 Thus dDET/dp�, which is directly proportional
to�s, is larger and more pronounced for DNAP indicators
than for the alkyloxy dyes, with a slightly larger range of
spectral shift positions for the former. However, in the
case of the DNAP indicators, these effects vary with alkyl
chain length (Fig. 9a). The decrease in �s on moving
from dimethyl (1a) to diethyl (1b) and the dipropyl (1c)
indicators can be explained by the corresponding increase
in shielding of the lone n electrons by the increasing bulk
and motions of the alkyl groups, an effect that levels off
with further increase in carbon number, forming a trend
that is best illustrated by a 1st order decay (Fig. 9a). The
orientation of the lone pair with respect to the two alkyl
chains, the neighboring p� orbital, and the solvent for the
DNAP indicator (Fig. 1) is significantly different from

Copyright # 2007 John Wiley & Sons, Ltd.

that of the lone pair on the alkyloxy dye (Fig. 2). The latter
is more evenly exposed to the solvent over a wide range of
alkyl chain lengths on the OR substituent. As a result, �s
for the latter alkyloxy suite is essentially constant and
linear over the range of methoxy, octyloxy, and decyloxy
species (Fig. 9b). Note that we have inserted some
two-point determinations of �s, based on vmax for
indicators in DMSO and cyclohexane only, for the C2, C4,
and C7 alkyloxy indicators to confirm the linearity of the
plot (Fig. 9b).

Hydrophobic p� indicators, past
and current effort


In an earlier paper of this type,4 we made a strong
argument for the N,N-dialkyl-4-nitroanilines as candidate
structures for more hydrophobic versions of the p�


indicators1 based on their relatively large values of�s and
observed constancy of �s among some of the longer alkyl
chain probes.4 However, an equally strong argument can
be made for the 4-alkyloxy nitrobenzenes on the basis of
their ‘less perturbing’ single alkyl chain structure, more
constant bandshape, and the constancy of �s over the
entire range of carbon-chain lengths. While the pheny-
lether dyes are slightly less sensitive to solvent dipolarity,
that is, �s is smaller overall, this drawback may be more
than compensated by a spectroscopic behavior that is
stable over a wide range of solvent dipolarities and probe
alkyl chain lengths. We note that intercalation of probes
into lipid bilayers (a proposed application) may favor a
more slender single alkyl chain shape over the more bulky
dialkyl configuration. Overall, caution must be taken for
all p� indicators in over extending the length of alkyl
chains such that gains made in generating hydrophobic
character for the molecule are not compromised by a loss
in their fundamental solvatochromic properties.
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ABSTRACT: The oxidation of allyl alcohol by diperiodatoargentate(III) (DPA) is carried out both in the absence and
presence of ruthenium(III) catalyst in alkaline medium at 298K and a constant ionic strength of 1.1mol dm�3 was
studied spectrophotometrically. The oxidation products in both the cases were acrolein and Ag(I), identified by
spectral studies. The stoichiometry is same in both the cases, that is, [AA]/[DPA]¼ 1:1. The reaction shows first order
in [DPA] and has less than unit order dependence each in both [AA] and [Alkali] and retarding effect of [IO�


4 ] in both
the catalysed and uncatalysed cases. The order in [Ru(III)] is unity. The active species of DPA is understood to be as
monoperiodatoargentate(III) (MPA) in both the cases. The uncatalysed reaction in alkaline medium has been shown to
proceed via a MPA–allyl alcohol complex, which decomposes in a rate determining step to give the products. In
catalysed reaction, it has been shown to proceed via a Ru(III)-allyl alcohol complex, which further reacts with one
molecule of MPA in a rate determining step to give the products. The reaction constants involved in the different steps
of the mechanisms were calculated for both reactions. The catalytic constant (Kc) was also calculated for catalysed
reaction at different temperatures. The activation parameters with respect to slow step of the mechanisms were
computed and discussed for both the cases. The thermodynamic quantities were also determined for both reactions.
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: allylalcohol; diperiodatoargentate(III); Ru(III)catalysis; oxidation; kinetics

INTRODUCTION


Allyl alcohol (AA) finds a number of industrial
applications in the preparation of resin, plasticizers,
pharmaceuticals and many organic compounds. Kinetic
studies on the oxidation of AA with different oxidants
such as potassium permanganate, chromic acid, vana-
dium(V), chloramine-T, diperiodatonickelate(IV), and so
on have been reported.1–3 Different products were
obtained with different oxidants4,5 for the oxidation
of AA.


Diperiodatoargentate(III) (DPA) is a powerful oxidiz-
ing agent in alkaline medium with the reduction
potential6 1.74V. It is widely used as a volumetric
reagent for the determination of various organic and
inorganic species.7 Jaya Prakash Rao et al.8 have used
DPA as an oxidizing agent for the kinetics of oxidation of
various organic substrates. They normally found that
order with respect to both oxidant and substrate was unity
and [OH�] was found to enhance the rate of reaction. It
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was also observed that they did not arrive the possible
active species of DPA in alkali and on the other hand they
proposed mechanisms by generalizing the DPA as
[Ag(HL)L](xþ 1)�. However, Kumar et al.9 put an effort
to give an evidence for the reactive form of DPA in the
large scale of alkaline pH. In the present investigation, we
have obtained the evidence for the reactive species for
DPA in alkaline medium.


In recent years, the use of transition metal ions such as
osmium, ruthenium and iridium, either alone or as binary
mixtures, as catalysts in various redox processes has
attracted considerable interest.10 The ruthenium(III) acts
as a catalyst in the oxidation of many organic and
inorganic substrates.11 Ruthenium(III) catalysis in redox
reactions involve different degrees of complexity, due to
formation of different intermediate complexes, and to
different oxidation states of ruthenium. The use of
different catalysts, gave different oxidation products12 in
case of AA oxidation. We have observed that rutheniu-
m(III) catalyses the oxidation of AA by DPA in alkaline
medium in micro amounts. In order to understand the
active species of oxidant and catalyst, and to propose the
appropriate mechanisms, the title reaction is investigated
in detail, in view of various mechanistic possibilities.
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EXPERIMENTAL


All chemicals used were of reagent grade and double
distilled water was used throughout the work. The AA
(Koch Light) was purified by standard procedure and its
concentration in aqueous solution was checked13 by
addition of excess of chloramine-T followed by
iodometric estimation of the excess. A standard stock
solution of Ru(III) was prepared by dissolving RuCl3
(S.D. Fine Chemicals) in 0.20mol dm�3 HCl and the
concentration was ascertained14 by EDTA titration.
KNO3 and KOH (BDH) were used to maintain ionic
strength and alkalinity of the reaction, respectively.
Aqueous solution of AgNO3 was used to study the
product effect, Ag(I). A stock standard solution of IO�


4


was prepared by dissolving a known weight of KIO4


(Riedel-de Haen) in hot water and used after keeping for
24 h. Its concentration was ascertained iodometrically15


at neutral pH maintained using phosphate buffer. The
temperature was maintained constant to within �0.10 8C.

Figure 1. First order plots for the oxidation of allyl alcohol
by DPA in aqueous alkaline medium at 25 8C. 105 [DPA]
(mol dm�3); (1) 1.0; (2) 3.0; (3) 5.0; (4) 8.0; (5) 10.0

Preparation of DPA


DPAwas prepared by oxidizing Ag(I) in presence of KIO4


as described elsewhere:16 the mixture of 28 g of KOH and
23 g of KIO3 in 100 cm


3 of water along with 8.5 g AgNO3


was heated just to boiling and 20 g of K2S2O8 was added
in several lots with stirring then allowed to cool. It was
filtered through a medium porosity fritted glass filter and
40 g of NaOHwas added slowly to the filtrate, whereupon
a voluminous orange precipitate agglomerates. The
precipitate was filtered as above and washed three to
four times with cold water. The pure crystals were
dissolved in 50 cm3 water and warmed to 80 8C with
constant stirring thereby some solid was dissolved to give
a red solution. The resulting solution was filtered when it
was hot and on cooling at room temperature, the orange
crystals separated out and were recrystallised from water.


The complex was characterized from its U.V. spectrum,
exhibited three peaks at 216, 255 and 362 nm. These
spectral features were identical to those reported earlier
for DPA.16 The magnetic moment study revealed that the
complex is diamagnetic. The compound prepared was
analyzed17 for silver and periodate by acidifying a
solution of the material with HCl, recovering and
weighing the AgCl for Ag and titrating the iodine
liberated when excess KI was added to the filtrate for IO�


4 .
The aqueous solution of DPA was used for the required
[DPA] in the reaction mixture. During the kinetics a
constant concentration viz.1� 10�5mol dm3 of KIO4 was
used throughout the study unless otherwise stated. Thus,
the possibility of oxidation of AA by periodate was tested
and found that there was no significant interference due to
KIO4 under experimental condition. The effect of
dissolved oxygen on the rate of reaction was checked
by preparing the reaction mixture and following the

Copyright # 2007 John Wiley & Sons, Ltd.

reaction in an atmosphere of nitrogen. No significant
difference between the results obtained under nitrogen
and in presence of air was observed. In the view of
ubiquitous contamination of CO2�


3 , its effect was also
studied on the rate of reaction. Added carbonate had no
effect on the reaction rate.

Kinetics


The kinetic measurements were performed on a Varian
CARY 50 Bio UV-Vis spectrophotometer. The kinetics
was followed under pseudo first order condition where
[AA]> [DPA] both in uncatalysed and catalysed reaction
at 25� 0.1 8C, unless specified. In the absence of catalyst
the reaction was initiated by mixing the DPA to AA
solution which also contained required concentration of
KNO3, KOH and KIO4. The reaction in the presence of
catalyst was initiated by mixing DPA to AA solution
which also contained required concentration of KNO3,
KOH, KIO4 and Ru(III) catalyst. The progress of
reaction was followed spectrophotometrically at
360 nm by monitoring decrease in absorbance due to
DPA with the molar absorbancy index, ‘e’ to be
13,900� 100 dm3mol�1 cm�1 in both catalysed and
uncatalysed reaction. It was verified that there is a
negligible interference from other species present in the
reaction mixture at this wavelength.


The pseudo-first order rate constants, (‘ku or kc’), in
both the cases were determined from the log(absorbance)
versus time plots. The plots were linear up to 85%
completion of reaction (Fig. 1 for uncatalysed). The
orders for various species were determined from the
slopes of plots of log (ku or kc) versus respective
concentration of species except for [DPA] in which
non-variation of ‘ku or kc’ was observed as expected to the
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reaction condition. The rate constants were reproducible
to within �5%. Regression analysis of experimental
data to obtain regression coefficient r and the standard
deviation S, of points from the regression line,
was performed with the Microsoft office Excel-2003
programme.

RESULTS


Stoichiometry and product analysis


Different sets of reaction mixtures containing varying
ratios of DPA to AA in presence of constant amount
of OH�, KNO3 in uncatalysed reaction and a constant
amount Ru(III) in catalysed reaction were kept for 3 h in
closed vessel under nitrogen atmosphere. The remaining
concentration of DPAwas estimated by spectrophotome-
trically at 360 nm. Under the condition where
[AA]> [DPA] the unreacted AA was estimated13 as
mentioned above. The results indicate that 1:1 stoichi-
ometry for both the reactions as given in Eqn (1).


CH2 ¼ CH� CH2OHþ ½AgðH2IO6ÞðH2OÞ�


þ 2OH� �!RuðIIIÞ
CH2 ¼ CH� CHO


þ AgðIÞ þ H2IO
3�
6 þ 4H2O


(1)


The stoichiometric ratio in both the cases suggests that
the main product was acrolein, which was identified by
spot test.18 The nature of aldehyde was confirmed by its
IR spectrum showed a carbonyl stretching at 1715 cm�1

Table 1. Effect of [DPA], [AA], [OH�] and [IO�
4 ] on the oxida


I¼ 1.10mol dm�3


105 [DPA] (mol dm�3) 102 [AA] (mol dm�3) [OH�] (mol


1.0 1.0 0.5
3.0 1.0 0.5
5.0 1.0 0.5
8.0 1.0 0.5
10 1.0 0.5
5.0 0.1 0.5
5.0 0.3 0.5
5.0 0.5 0.5
5.0 0.8 0.5
5.0 1.0 0.5
5.0 1.0 0.05
5.0 1.0 0.08
5.0 1.0 0.1
5.0 1.0 0.3
5.0 1.0 0.5
5.0 1.0 0.5
5.0 1.0 0.5
5.0 1.0 0.5
5.0 1.0 0.5
5.0 1.0 0.5
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and �CH stretching at 2854 cm�1 thus confirming the
presence of acrolein.

Reaction orders


As the diperiodatoargentate(III) oxidation of AA in
alkaline medium proceeds with a measurable rate in the
absence of Ru(III), the catalysed reaction is understood to
occur in parallel paths with contributions from both the
catalysed and uncatalysed paths. Thus the total rate
constant (kT) is equal to the sum of the rate constants of
the catalysed (kC) and uncatalysed (kU) reactions, so
kC¼ kT� kU. Hence the reaction orders have been
determined from the slopes of log kC versus log
(concentration) plots by varying the concentrations of
AA, IO�


4 , OH� and catalyst (Ru(III)), in turn, while
keeping others constant. The order in DPA was unity
between the concentration was varied in the range of
1.0� 10�5 to 1.0� 10�4mol dm�3 at fixed AA, KOH and
KNO3 in both cases of uncatalysed and catalysed
reactions. Linearity of the plots of log (absorbance)
versus time up to 85% completion of the reaction
indicates a reaction order of unity in [DPA]. This was also
confirmed by varying of [DPA], which did not result in
any change in the pseudo first order rate constants, ku
(Table 1), kc (Table 3; Ru(III)). In case uncatalysed
reaction the AA concentration was varied in the range
1.0� 10�3 to 1.0� 10�2mol dm3 at 25 8C while keeping
other reactant concentrations and conditions constant.
The ku values increased with the increase in concentration

tion of allyl alcohol by DPA in alkaline medium at 25 8C,


dm�3) 105 [IO�
4 ] (mol dm�3)


103ku (s
�1)


Found Calculated


1.0 2.70 2.71
1.0 2.72 2.71
1.0 2.81 2.71
1.0 2.70 2.71
1.0 2.72 2.71
1.0 0.73 0.69
1.0 1.60 1.55
1.0 2.10 2.05
1.0 2.54 2.51
1.0 2.81 2.71
1.0 1.47 1.44
1.0 1.79 1.79
1.0 1.96 1.95
1.0 2.52 2.55
1.0 2.81 2.71
1.0 2.81 2.71
3.0 2.30 2.23
5.0 2.01 1.90
8.0 1.70 1.62
10.0 1.51 1.45
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Table 2. Thermodynamic activation parameters for the oxidation of allyl alcohol by DPA in alkaline mediumwith respect to the
slow step of Scheme 1


Temperature(K) 103k1 (s
�1) Parameters Values


(A) Effect of temperature (B) Activation parameters (Scheme 1)


298 4.01 Ea (kJmol�1) 53.6� 2.3
303 5.95 DH# (kJmol�1) 51.1� 2.2
308 8.47 DS# (JK�1mol�1) �118� 5
313 11.3 DG# (kJ mol�1) 86.5� 3.5


log A 7.0� 0.3


Temperature (K) K1 (dm
3mol�1) 104K2 (mol dm�3) 10�2K3 (dm


3mol�1)


(C) Effect of temperature to calculate K1, K2 and K3 for the oxidation of allyl alcohol by diperiodatoargentate (III) in alkaline medium


298 0.17� 0.008 2.99� 0.12 3.14� 0.13
303 0.13� 0.006 7.29� 0.32 1.40� 0.05
308 0.11� 0.005 15.2� 0.60 0.87� 0.04
313 0.10� 0.004 25.3� 1.02 0.65� 0.03


Thermodynamic quantities Values from K1 Values from K2 Values from K3


(D) Thermodynamic quantities using K1,K2 and K3


DH (kJmol�1) �27.4� 1.2 111� 5.0 �80.6� 3.8
DS (JK�1mol�1) �107.1� 5.0 306� 14 �222� 10
DG298 (kJmol�1) 4.4� 0.2 20.1� 0.8 �14.2� 0.5


[DPA]¼ 5.0� 10�5; [AA]¼ 1.0� 10�2; [OH�]¼ 0. 5;[IO4]¼ 1.0� 10�5mol dm�3.
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of AA indicating an apparent less than unit order
dependence on [AA] (Table 1). In case catalysed reaction
the AA concentration was varied in the range 5.0� 10�4


to 5.0� 10�3mol dm�3 at 25 8C while keeping other

Table 3. Effect of [DPA], [AA], [OH�] and [IO�
4 ] on the rutheniu


medium at 25 8C, I¼ 1.10mol dm�3


105 [DPA]
(mol dm�3)


103 [AA]
(mol dm�3)


[OH�]
(mol dm�3)


105 [IO4]
(mol dm�3)


106 [R
(mol


1.0 1.0 0.5 1.0 3
3.0 1.0 0.5 1.0 3
5.0 1.0 0.5 1.0 3
8.0 1.0 0.5 1.0 3
10 1.0 0.5 1.0 3
5.0 0.5 0.5 1.0 3
5.0 0.8 0.5 1.0 3
5.0 1.0 0.5 1.0 3
5.0 3.0 0.5 1.0 3
5.0 5.0 0.5 1.0 3
5.0 1.0 0.05 1.0 3
5.0 1.0 0.08 1.0 3
5.0 1.0 0.1 1.0 3
5.0 1.0 0.3 1.0 3
5.0 1.0 0.5 1.0 3
5.0 1.0 0.5 0.5 3
5.0 1.0 0.5 0.8 3
5.0 1.0 0.5 1.0 3
5.0 1.0 0.5 3.0 3
5.0 1.0 0.5 5.0 3
5.0 1.0 0.5 1.0 0
5.0 1.0 0.5 1.0 1
5.0 1.0 0.5 1.0 3
5.0 1.0 0.5 1.0 5
5.0 1.0 0.5 1.0 8
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reactant concentrations and conditions constant. The kc
values increased with the increase in concentration of AA
indicating an apparent less than unit order dependence on
[AA] (Table 3). The effect of alkali on the reaction has

m(III) catalysed oxidation of allyl alcohol by DPA in alkaline


u(III)]
dm�3)


102 kT
(s�1)


103 kU
(s�1) 102 kC Found 102 kC Found


.0 1.10 1.08 0.99 0.95


.0 1.10 1.15 0.98 0.95


.0 1.08 1.16 0.96 0.95


.0 1.09 1.17 0.97 0.95


.0 1.09 1.18 0.97 0.95


.0 0.68 0.55 0.62 0.64


.0 0.93 0.88 0.84 0.85


.0 1.08 1.16 0.96 0.95


.0 1.51 1.40 1.37 1.42


.0 1.70 1.85 1.52 1.58


.0 0.41 0.65 0.34 0.34


.0 0.55 0.78 0.47 0.47


.0 0.63 0.86 0.54 0.53


.0 0.92 0.95 0.82 0.84


.0 1.08 1.16 0.96 0.95


.0 1.22 1.45 1.08 1.06


.0 1.11 1.25 1.00 0.99


.0 1.08 1.16 0.96 0.95


.0 0.78 0.98 0.68 0.68


.0 0.60 0.95 0.50 0.52


.8 0.38 1.16 0.27 0.27


.0 0.48 1.16 0.36 0.35


.0 1.08 1.16 0.96 0.95


.0 1.55 1.16 1.43 1.42


.0 2.36 1.16 2.24 2.23
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+ H2OComplex (C) CH2=CH CHO + Ag(I) + H2IO6
3- + 2H+


slow


k1


[Ag(H3IO6)2] + OH - [Ag(H2IO6)(H3IO6)]  + H2O
2-- K1


+[Ag(H2IO6)(H3IO6)]2- [H3IO6]2-2H2O+ [Ag(H2IO6)(H2O)2]
K2


CH2=CH-CH2OH + [Ag(H2IO6)(H2O)2]
K3 Complex (C) + H2O


2H+  + 2OH- 2H2O
fast


Scheme 1. Detailed scheme for the oxidation of allyl alcohol by alkaline diperiodatoargentate(III)
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been studied for both the cases in the range of
0.05–0.50mol dm�3 at constant concentrations of AA,
DPA and a constant ionic strength of 1.10mol dm�3 in
uncatalysed reaction and at constant concentration of
Ru(III) in catalysed reaction. The rate constants increased
with increasing [alkali] and the order was found to be less
than unity (Tables 1 and 3 Ru(III)) for both the cases.

Effect of periodate


In case of uncatalysed reaction periodate was varied
from 1.0� 10�5 to 1.0� 10�4mol dm�3 at constant
[DPA], [AA] and ionic strength. It was observed that the
rate constants decreased by increasing [IO�


4 ] (Table 1).
In case of catalysed reaction periodate was varied from


5.0� 10�6 to 5.0� 10�5 mol dm�3 at constant [DPA],
[AA] and ionic strength. It was observed that the rate
constants also decreased by increasing [IO�


4 ] (Table 3).

Effect of added products


Initially added products, Ag (I) and acrolein did not have
any significant effect on the rate of reaction (for both the
cases).

[Ag(H2IO6)(H3IO6)] 2- 2H2O+ [Ag(
K2


[Ag(H3IO6)2] + OH - [Ag(H- K1


Complex (C) + [Ag(H2IO6)(H2O)2] CH2=CH
k2


slow


CH2=CH CH2OH + [Ru(H2O)5OH]2+
K4 Com


2H+ + 2OH- 2H2O
fast


Scheme 2. Detailed scheme for the Ru(III) catalysed oxidat
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Effect of ionic strength (I) and dielectric
constant of the medium (D)


It was found that ionic strength and dielectric constant of
the medium have no significant effect on the rate of
reaction in both the case of uncatalysed and catalysed
reaction.

Effect of temperature


The influence of temperature on the rate of reaction was
studied for uncatalysed reaction at 25, 30, 35 and 40 8C.
The rate constants, (k1), of the slow step of Scheme 1 were
obtained from the slopes and the intercepts of the plots
of 1/ku versus 1/[AA], 1/ku versus [H3IO


2�
6 ] and 1/ku


versus 1/[OH�] plots at four different temperatures. The
values are given in Table 2. The activation parameters for
the rate determining step were obtained by the least
square method of plot of log k1 versus 1/T and are
presented in Table 2.


The influence of temperature on the rate of reaction
was studied for catalysed reaction at 25, 30, 35 and 40 8C.
The rate constants, (k2), of the slow step of Scheme 2 were
obtained from the slopes and the intercepts of the plots of
[Ru(III)]/kC versus 1/[AA], [Ru(III)]/kC versus 1/[OH�]

+ [H3IO6]2-H2IO6)(H2O)2]


2IO6)(H3IO6)]  + H2O
2-


+ 2H2O + [Ru(H2O)5(OH)]2+


+  Ag(I) + H2IO6 + 2H+CHO
3-


plex (C)


ion of allyl alcohol by alkaline diperiodatoargentate(III)
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Table 4. Thermodynamic activation parameters for the ruthenium(III) catalysed oxidation of allyl alcohol by DPA in aqueous
alkaline medium with respect to the slow step of Scheme 2


Temperature (K) 10�3 k2 (dm
3mol�1 s�1) Parameters Values


(A) Effect of temperature (B) Activation parameters (Scheme 2)


298 6.11 Ea (kJmol�1) 36.9� 1.4
303 8.55 DH# (kJmol�1) 34.4� 1.3
308 10.2 DS# (JK�1mol�1) �56.5� 2.4
313 12.7 DG# (kJmol�1) 51.3� 2.3


log A 10.2� 0.4


Temperature (K) K1 (dm
3mol�1) 105K2 (mol dm�3) 10�3K4 (dm


3mol�1)


(C) Effect of temperature to calculate K1, K2 and K3 for the Ru(III) catalysed oxidation of allyl alcohol
by diperiodatoargentate (III) in alkaline medium


298 0.34� 0.014 7.2� 0.3 2.11� 0.09
303 0.45� 0.020 3.8� 0.2 1.89� 0.08
308 0.52� 0.022 2.2� 0.1 1.52� 0.06
313 0.64� 0.028 1.4� 0.04 1.22� 0.05


Thermodynamic quantities Values from K1 Values from K2 Values from K4


(D) Thermodynamic quantities using K1,K2 and K4


DH (kJmol�1) 30.7� 1.2 �83.7� 3.8 �28.8� 1.2
DS (JK�1mol�1) 94.9� 4.2 �361� 14 �33.1� 1.4
DG298 (kJmol�1) 2.6� 0.11 23.6� 1.0 �18.9� 0.7


[DPA]¼ 5.0� 10�5; [AA]¼ 1.0� 10�3; [OH�]¼ 0.5; [Ru(III)]¼ 3.0� 10�6mol dm�3; [IO4]¼ 1.0� 10�5mol dm�3.
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and [Ru(III)]/kC versus [H3IO
2�
6 ] plots at four different


temperatures. The values are given in Table 4. The
activation parameters for the rate determining step were
obtained by the least square method of plot of log k2
versus 1/T and are presented in Table 4.

Test for free radicals (polymerisation study)


To test the intervention of free radicals, for both
uncatalysed and catalysed reactions, the reaction mixture
was mixed with acrylonitrile monomer and kept for 8 and
2 h, respectively, under nitrogen atmosphere. On dilution
with methanol no precipitate resulted, suggesting the AA
dehydrogenation is faster than a hypothetic radical
interception.

Effect of [Ru(III)]


The [Ru(III)] concentrations was varied from 8.0� 10�7 to
8.0� 10�6mol dm�3 range, at constant concentration of
diperiodatoargentate(III), AA, alkali and ionic strength.
The order in [Ru(III)] was found to be unity from the
linearity of the plots of log kC versus log [Ru(III)].

Catalytic activity


It has been pointed out by Moelwyn–Hughes19 that in
presence of the catalyst, the uncatalysed and catalysed

Copyright # 2007 John Wiley & Sons, Ltd.

reactions proceed simultaneously, so that


kT ¼ KU � KC½catalyst�x (2)


Here kT is the observed pseudo first-order rate constant
in the presence Ru(III) catalyst, kU the pseudo first-order
rate constant for the uncatalysed reaction,KC the catalytic
constant and ‘x’ the order of the reaction with respect to
[Ru(III)]. In the present investigations, x values for the
standard run were found to be unity for Ru(III). Then the
value of KC is calculated using the equation,


KC ¼ kT � kU


½Catalyst�x ¼
kC


½Catalyst�x ðWhere; kT � kU ¼ kCÞ


(3)


The values of KC were evaluated for Ru(III) catalyst at
different temperatures and found to vary at different
temperatures. Further, plots of log KC versus 1/T were
linear and the values of energy of activation and other
activation parameters with reference to catalyst were
computed. These results are summarized in Table 5. The
value of KC is 7.98� 102 at 298K.

DISCUSSION


In the later period of 20th century the kinetics of oxidation
of various organic and inorganic substrates have been
studied by Ag(III) species which may be due to its strong
versatile nature of two electrons oxidant. Among the
various species of Ag(III), Ag(OH)�4 , diperiodatoargen-
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Table 5. Values of catalytic constant (KC) at different tem-
peratures and activation parameters calculated using KC


values


Temperature (K) 10�2KC


298 7.98
303 10.9
308 14.0
313 16.0
Ea (kJmol�1) 36.2
DH# (kJmol�1) 33.7
DS# (JK�1mol�1) �75
DG# (kJmol�1) 56
log A 9.2


[DPA]¼ 5.0� 10�5; [AA]¼ 1.0x10�3;[OH�]¼ 0.5mol dm�3; [IO4]¼
1.0� 10�5mol dm�3; [Ru(III)]¼ 3.0� 10�6mol dm�3.
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tate(III) and ethylenebis (biguanide), (EBS), silver(III)
are of maximum attention to the researchers due to their
relative stability.20 The stability of Ag(OH)�4 is very
sensitive towards traces of dissolved oxygen and other
impurities in the reaction medium whereupon it had not
drawn much attention. However, the other two forms of
Ag(III)8,9,21 are considerably stable; the DPA is used in
highly alkaline medium and EBS is used in highly acidic
medium.


The literature survey16 reveals that the water soluble
diperiodatoargentate(III) (DPA) has a formula
[Ag(IO6)2]


7� with dsp2 configuration of square planar
structure, similar to diperiodatocopper(III) complex with
two bidentate ligands, periodate to form a planar
molecule. When the same molecule is used in alkaline
medium, it is unlike to be existed as [Ag(IO6)2]


7� as
periodate is known to be in various protonated forms22


depending on pH of the solution as given in following
multiple equilibria (4–6).


H5IO6 Ð H4IO
�
6 þ Hþ (4)


H4IO
�
6 Ð H3IO


2�
6 þ Hþ (5)

Ag
O O


O O


II


OH


HO


OH


OH


O


OH


OH


O
Ag


O


O


I


O
OH


OH


O OH2


AA


Ag
O


O
I


O


OH


OH


O OH2


OH2

H3IO
2�
6 Ð H2IO


3�
6 þ Hþ (6)


Periodic acid exists as H5IO6 in acid medium and
as H4IO


�
6 at pH 7. Thus, under the present alkaline


conditions, the main species are expected to be H3IO
2�
6


and H2IO
3
6. At higher concentrations, periodate also tends


to dimerise.23 On contrary, the Jayaprakash Rao et al.8 in
their recent past studies have proposed the DPA as
[Ag(HL)2]


x� in which ‘L’ is a periodate with uncertain
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number of protons and ‘HL’ is a protonated periodate of
uncertain number of protons. This can be ruled out by
considering the alternative form22 of IO�


4 at pH> 7 which
is in the form H3IO


2�
6 or H3IO


3�
6 . Hence, DPA could be as


[Ag(H3IO6)2]
� or [Ag(H2IO6)2]


3� in alkaline medium.
Therefore, under the present condition, diperiodatoar-
gentate(III), may be depicted as [Ag(H3IO6)2]


�. The
similar speciation of periodate in alkali was proposed24


for diperiodatonickelate(IV).

Mechanism for uncatalysed reaction


The reaction between DPA and AA in alkaline medium
presents a 1:1 stoichiometry of oxidant to reductant.
Since, the reaction was enhanced by [OH�], added
periodate retarded the rate and first order dependency
in [DPA] and fractional order in [AA] and [OH�],
the following mechanism has been proposed which
also explains all other experimental observations
(Scheme 1).


Monoperiodatoargentate(III) (MPA) is considered to
be the active species in view of the observed experimental
results. In the prior equilibrium step 1, the [OH�]
deprotonates the DPA to give a deprotonated diperioda-
toargentate(III); in the second step, displacement of a
ligand, periodate from deprotonated DPA takes place to
give free periodate which is evidenced by decrease in the
rate with increase in [periodate] (Table 1). It may be
expected that lower Ag (III) periodate species such as
MPAwill be more important in the reaction than the DPA.
The inverse fractional order in [H3IO


2�
6 ] might also be


due to this reason. In the pre rate determining stage, MPA,
combines with a molecule of AA molecule to give a
complex, which decomposes in a slow step to form the
products, acrolein and Ag(I). Thus, all these results
indicate a mechanism of the type as in Scheme 1.


On the basis of square planar structure of DPA, the
structure ofMPA and complex may be proposed as below:

Spectroscopic evidence for the complex formation
between oxidant and AA was obtained from UV-Vis
spectra of AA ((1.0� 10�2), [OH�]¼ 0.50mol dm�3)
and a mixture of both. A hypsochromic shift of about
6 nm from 307 to 301 nm in the spectra of DPA to mixture
of DPA and AA was observed. The Michaelis–Menten
plot proved the complex formation between oxidant and
substrate, which explains less than unit order in [AA].
Such a complex between a oxidant and a substrate has
also been observed in other studies.25

J. Phys. Org. Chem. 2007; 20: 55–64


DOI: 10.1002/poc







62 V. TEGGINAMATH ET AL.

The rate law for Scheme 1 could be derived as

Rate ¼ � d½DPA�
dt


¼ k1K1K2K3½DPA�½AA�½OH��
½H3IO


2�
6 � þ K1½OH��½H3IO


2�
6 � þ K1K2½OH�� þ K1K2K3½OH��½AA�


(7)


ku ¼
k1K1K2K3½AA�½OH��


½H3IO
2�
6 � þ K1½OH��½H3IO


2�
6 � þ K1K2½OH�� þ K1K2K3½OH��½AA�


(8)

which explains all the observed kinetic orders of different
species.


The rate law (8) can be rearranged into the following
form which is suitable for verification.


1


ku
¼ ½H3IO


2�
6 �


k1K1K2K3½OH��½AA� þ
½H3IO


2�
6 �


k1K1K2K3½AA�


þ 1


k1K3½AA�
þ 1


k1


(9)


The plots of 1/ku versus 1/[AA], 1/ku versus [H3IO
2�
6 ],


1/ku versus 1/[OH�] and were linear with an intercept
supporting the MPA-AA complex, as verified in Fig. 2.
From the intercept and slope of such plots, the reaction
constants K1, K2, K3 and k1 were calculated as
(0.17� 0.008) dm3mol�1, (2.99� 0.12)� 10�4mol dm�3,
(3.14� 0.13)� 102 dm3mol�1, (4.01� 0.2)� 10�3 s�1,
respectively. The K1 value is in near agreement with
earlier work.26 These constants were used to calculate the
rate constants and compared with the experimental values
and found to be in reasonable agreement with each other
(Table 1) which fortifies the Scheme 1.The equilibrium
constant K1 is far greater than K2 which may be attributed

Figure 2. Verification of rate law (8) in the form of (9) for
the oxidation of allyl alcohol by diperiodatoargentate(III) at
25 8C
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to the greater tendency of DPA to undergo deprotonation
compared to the formation of hydrolysed species in
alkaline medium.


The thermodynamic quantities for the different equi-
librium steps, in Scheme 1 can be evaluated as follows.
The AA and hydroxide ion concentrations (Table 1) were
varied at different temperatures. The plots of 1/ku versus
1/[AA] (r� 0.9982, S� 0.00122) and 1/ku versus 1/
[OH�] (r� 0.9997, S� 0.00084) should be linear as
shown in Fig. 2. From the slopes and intercepts, the values
of K1 were calculated at different temperatures. A van’t
Hoff’s plot was made for the variation of K1 with
temperature [i.e. log K1 versus 1/T (r� 0.9894,
S� 0.1108)] and the values of the enthalpy of reaction
DH, entropy of reaction DS and free energy of reaction
DG, were calculated. These values are given in Table 2. A
comparison of the latter values with those obtained for the
slow step of the reaction shows that these values mainly
refer to the rate limiting step, supporting the fact that the
reaction before the rate determining step is fairly slow and
involves high activation energy.27 In the same manner, K2


and K3 values were calculated at different temperatures
and the corresponding values of thermodynamic
quantities are given in Table 2.


A high negative value of DS# (�118 JK�1mol�1)
suggests that intermediate complex is more ordered than
the reactants.28

Mechanism for Ru(III) catalysed reaction


It is interesting to identify the probable ruthenium(III)
chloride species in alkaline media. Electronic spectral
studies29 have confirmed that ruthenium chloride exists in
hydrated form as [Ru(H2O)5OH]


2þ. In the present study,
it is quite probable that the [Ru(III)(OH)x]


3�X, the
x-valuewould always be less than six because there are no
definite reports of any hexahydroxy ruthenium species.
The remainder of the coordination sphere would be filled
by water molecules. Hence, under the conditions
employed, for example, [OH�]>> [Ru(III)], rutheniu-
m(III) is mostly present as the hydroxylated species,30


[Ru(H2O)5OH]
2þ.


Since, the reaction was enhanced by [OH�], added
periodate retarded the rate and first order dependency in
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Figure 3. Verification of rate law (11) in the form of (12) for
the Ru(III) catalysed oxidation of allyl alcohol by diperioda-
toargentate(III) at 25 8C
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[DPA] and catalyst (Ru(III)) and fractional order in [AA]
and [OH�], the following Scheme 2 has been proposed,
which also explains all other experimental observations.


In the prior equilibrium step 1, the [OH�] deprotonates
the DPA to give a deprotonated diperiodatoargentate(III);
in the second step displacement of a ligand, periodate takes
place to give free periodatewhich is evidenced by decrease
in the rate with increase in [periodate] (Table 3). It may be
expected that lower Ag (III) periodate species such asMPA
is more important active species in the reaction than the
DPA. The inverse fractional order in [H3IO


2�
6 ] might also


be due to this reason. In the pre rate determining stage, the
hydroxylated species of Ru(III) combines with a molecule
of AA to give an intermediate complex, which further
reacts with 1 mole of MPA in a rate determining step to
give the products as given in Scheme 2.


The probable structure of the complex (C) is given
below:


Ru


HO
H2O


H2O
H2O


H2O


H2O O CH2 CH= CH2


2+


Spectroscopic evidence for the complex formation
between catalyst and substrate was obtained from UV-Vis
spectra of AA (1.0� 10�3), Ru(III) (3.0� 10�6,
[OH�]¼ 0.50mol dm�3) and mixture of both. A bath-
ochromic shift of about 5 nm from 313 to 318 nm in the
spectra of ruthenium(III) was observed and hyperchro-
micity was observed at 318 nm. The Michaelis–Menten
plot also proved the complex formation between catalyst
and reductant, which explains less than unit order in
[AA]. The rate law for the Scheme 2 could be derived as,

Rate ¼ �d½DPA�
dt


¼ k2K1K2K4½DPA�½AA�½OH��½RuðIIIÞ�
½H3IO


2�
6 � þ K1½OH��½H3IO


2�
6 � þ K1K2½OH�� þ K1K2K4½OH��½AA�


(10)


Rate


½DPA� ¼ kC ¼ kT � kU ¼ k2K1K2K4½AA�½OH��½RuðIIIÞ�
½H3IO


2�
6 � þ K1½OH��½H3IO


2�
6 � þ K1K2½OH�� þ K1K2K4½OH��½AA�


(11)

Equation (11) can be rearranged to Eqn (12), which is
suitable for verification.


½RuðIIIÞ�
kC


¼ ½H3IO
2�
6 �


k2K1K2K4½AA�½OH�� þ
½H3IO


2�
6 �


k2K2K4½AA�


þ 1


k2K4½AA�
þ 1


k2


(12)

Copyright # 2007 John Wiley & Sons, Ltd.

The plots of [Ru(III)]/kc vrersus 1/[AA], 1/[OH
�] and


[H3IO
2�
6 ], were linear (Fig. 3). From the intercepts


and slopes of such plots, the reaction constants K1, K2,
K4 and k2 were calculated as (0.34� 0.014) dm3mol�1,
(7.23� 0.36)� 10�5mol dm�3, (2.11� 0.10)� 103 dm3


mol�1, (6.11� 0.30)� 103 dm3mol�1 s�1, respectively.
These constants were used to calculate the rate constants
and compared with the experimental kc values and found
to be in reasonable agreement with each other (Table 3),
which fortifies the Scheme 2.


The thermodynamic quantities for the different equi-
librium steps, in Scheme 2 can be evaluated as follows.
The AA and hydroxide ion concentrations (Table 3)
were varied at different temperatures. The plots of
[Ru(III)]/kC versus 1/[AA] (r� 0.9993, S� 0.00132),
[Ru(III)]/kC versus 1/[OH�](r� 0.9995, S� 0.00088)

and [Ru(III)]/kC versus [H3IO
2�
6 ] (r� 0.9992, S�


0.00131), should be linear as shown in Fig. 3. From
the slopes and intercepts, the values ofK1 are calculated at
different temperatures. A van’t Hoff’s plot was made for
the variation ofK1 with temperature [i.e. logK1 versus 1/T
(r� 0.9993, S� 0.1105)] and the values of the enthalpy of
reaction DH, entropy of reaction DS and free energy of
reaction DG, were calculated. These values are also given
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in Table 4. A comparison of the latter values with those
obtained for the slow step of the reaction shows that these
values mainly refer to the rate limiting step, supporting
the fact that the reaction before the rate determining step
is fairly slow and involves a high activation energy.27 In
the same manner, K2 and K4 values were calculated at
different temperatures and the corresponding values of
thermodynamic quantities are given in Table 4.


Negligible effect of ionic strength and dielectric
constant in both uncatalysed and catalysed reaction
might be due to involvement of neutral substrate in the
reaction (Schemes 1 and 2). The negative value of DS#


suggests that the intermediate complex is more ordered
than the reactants.28 The observed higher rate constant for
the slow step indicate that the oxidation presumably
occurs via an inner-sphere mechanism. This conclusion is
supported by earlier observation.31 The activation
parameters evaluated for the catalysed and uncatalysed
reaction explain the catalytic effect on the reaction. The
catalyst, Ru(III) form the complex (C) with substrate
which enhances the reducing property of the substrate
than that without catalyst, Ru(III). Further the catalyst
Ru(III) modifies the reaction path by lowering the energy
of activation.

CONCLUSION


The comparative study of uncatalysed and ruthenium(III)
catalysed oxidation of AA by diperiodatoargentate(III)
was studied. Oxidation products were identified. Among
the various species of Ag(III) in alkaline medium, MPA is
considered to be the active species for the title reaction.
Active species of Ru(III) is found to be [Ru(H2O)5OH]


2þ.
Activation parameters were evaluated for both uncata-
lysed and catalysed reactions with respect to slow step of
reaction schemes. Catalytic constants and activation
parameters with respect to catalyst were also computed.
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ABSTRACT: The behaviour of Schiff bases of 3-hydroxy-4-pyridincarboxaldehyde and 4-R-anilines (R——H, CH3,
OCH3, Br, Cl, NO2) in acid media has been described. 1H, 13C, 15N-NMR chemical shifts allow to establish the
protonation site and its influence on the hydroxyimino/oxoenamino tautomerism. DFT calculations, electronic spectra
and X-ray diffraction are in agreement with the NMR conclusions. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: Schiff bases; acid media; tautomerism; hydrogen bonds; NMR spectroscopy; density functional


calculations; X-ray; electronic spectra

INTRODUCTION


Transfer of a proton is the basic step in numerous
chemical reactions and in many enzymatic processes it
becomes the rate-determining step.1 Double proton
transfer among DNA bases has been proposed as a
mechanism for DNA mutation.2 The importance of such
phenomenon in biochemical processes has lead to the
study of many tautomeric equilibria.


Aromatic Schiff bases of o-hydroxyaldehydes are an
interesting kind of molecules because of their tautomeric
properties related to proton transfer;3 in general the
hydroxyimino tautomer is the only observed form.4–6


However, the tautomeric equilibrium depends on the
solvent,7 temperature,8 substituents pattern,8,9 physical
state of the compound8 and added hosts (i.e. cyclodex-
trins).10


One of the most important Schiff base is the cofactor of
the vitamin B6, pyridoxal-50-phosphate PLP, involved in
the transformation of aminoacids. In the first step of the
catalytic cycle the proton transfer occurs in the
intramolecular O—H���N hydrogen bond, assisted by
protonation of the pyridine ring.11

to: A. Perona, D. Sanz, Departamento de Quı́mica
rgánica, Facultad de Ciencias, UNED, Senda del Rey
id, Spain.
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The present paper analyses the proton transfer due to
the effect of substituents and to the presence of acids on
the 3-hydroxypyridine-4-carboxaldehyde aromatic Schiff
bases (8–13) depicted in Scheme 1. 1H, 13C and 15N-NMR
spectroscopy have proved to be the best technique to
evaluate the tautomeric equilibrium. The conclusions
based on NMR studies (both in solution and in the solid
state) are supported by computational calculations and
UV–Visible studies as well as by one X-ray structure
determination.


In previous publications we demonstrated the existence
of the intramolecular hydrogen bonded structure present
in 4-[(4-R-phenylimino)methyl]pyridin-3-ols (R——
H, CH3, OCH3, Br, Cl, NO2) (8–13), prepared from
3-hydroxypyridine-4-carboxaldehyde (1) and an equi-
molar amount of the corresponding 4-R-anilines, and
confirmed that these compounds exist as hydroxyimino
tautomers with (E)-configuration.6

RESULTS AND DISCUSSION


NMR spectroscopy


In order to study the protonation site and how this affects
the acid-base characteristics of the hydrogen bond,
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Scheme 1. 4-[(4-R-Phenylimino)-methyl]-pyridin-3-ol
(8–13), hydroxyimino/oxoenamino forms
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10–20 mg of each imine (8–13) were dissolved in
trifluoroacetic acid (TFA, pKa¼ 0.2) and the NMR
spectra recorded. In all cases, protonation takes place
on the pyridine nitrogen, making these molecules highly
sensitive to hydrolysis with partial decomposition into
their precursors (Scheme 2). The less stable imines in acid
media are those bearing electron-withdrawing substitu-
ents and Table 1 shows the relative percentages of
compounds in TFA solution after time evolution.

Scheme 2. 4-[(4-R-Phenylimino)methyl]pyridi


Table 1. Relative percentages in TFA solution


Comp. H


Freshly prepared solution Imine 75
Aldehyde 12.5
Amine 12.5


5 days Imine 46
Aldehyde 27
Amine 27


Copyright # 2007 John Wiley & Sons, Ltd.

In acid media, the 1H, 13C and 15N-NMR data support
the coexistence of both hydroxyimino and oxoenamino
tautomers in compounds 8–13, as we will discuss later on.


The 1H-NMR chemical shifts of compounds 8–13 in
neutral and acid media are shown in Table 2. The
chemical shift protonation effects on protons H2, H5 and
CH——N of the pyridine moiety are significant in imines
8–12, the most important of �0.95 ppm for H5 and
�0.65 ppm for CH——N. Moreover, the J5,6 coupling
constant increases 1 Hz due to protonation.12 In com-
pound 13, all protons are only slightly affected save the
CH——N that is shifted downfield 0.35 ppm and the H5
shifted downfield 0.77 ppm. Finally, the chemical shifts
values of the phenyl group protons close to the tautomeric
imine centre, H20/H60, increase in all cases on protonation
(Fig. 1).


The 13C-NMR chemical shifts of compounds 8–13 in
neutral and acid media are gathered in Tables 3 and 4.
The assignments of all signals in CDCl3 and TFA at 300 K
are based on gs-HMQC and gs-HMBC experiments and
the coupling constants values. We already reported
that the hydroxyimino and oxoenamino forms can be
distinguished by 13C-NMR, the most affected carbon
atom when the tautomeric equilibrium changes is that
bonded to the oxygen, the corresponding chemical shifts
values for other carbons do not significantly vary
when the tautomeric form changes.13 The results found
for Schiff bases 8–13 in acid media are very similar: C6
and C10 chemical shifts decrease around 12 ppm, C2
diminishes about 6 ppm and C5 increases in 6 ppm.
These changes can be explained as the result of the

nium-3-ols trifluoroacetates (8Hþ–13Hþ)


CH3 OCH3 Br Cl NO2


72 80 58 52 43
14 10 21 24 28.5
14 10 21 24 28.5


50 44 48 47 33.3
25 28 26 26.5 33.3
25 28 26 26.5 33.3
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Table 2. 1H-NMR chemical shifts (d in ppm) and coupling constants (J in Hz) of 8–13 in neutral and acid media


Comp. Solvent CH——N H2 OH H5 H6 H2’/H6’ H3’/H5’ R4’


8 CDCl3 8.65(s) 8.52(s) 12.76(sbr) 7.28(d) 8.27(d) 7.33(m) 7.46(m) 7.35(m)
J5,6¼ 4.8


8HR TFA 9.30(s) 8.75(s) — 8.17a 8.10a 7.61(m) 7.51(m) 7.51(m)
J5,6¼ 6.0


Dd 0.65 0.23 0.89 �0.17 0.28 0.05 0.16
9 CDCl3 8.64(sbr) 8.50(sbr) 12.90(sbr) 7.25(m) 8.25(dbr) 7.25(m) 7.25(m) 2.40(s)


J5,6¼ 4.6
9HR TFA 9.29(s) 8.82(sbr) — 8.21a 8.17a 7.56(m) 7.35(m) 2.35(s)


J5,6¼ 5.7
Dd 0.65 0.32 0.96 �0.08 0.31 0.10 �0.05


10 CDCl3 8.55(s) 8.42(s) 12.87(s) 7.17(d) 8.17(d) 7.26(m) 6.90(m) 3.78(s)
J5,6¼ 4.8


10HR TFA 9.18(s) 8.84(s) — 8.21a 8.20a 7.70(m) 7.08(m) 3.86
J5,6¼ 6.1


Dd 0.63 0.42 1.04 0.03 0.44 0.18 0.08
11 CDCl3 8.63(s) 8.52(s) 12.50(sbr) 7.28(d) 8.28(d) 7.20(m) 7.59(m) —


J5,6¼ 4.9
11HR TFA 9.25(s) 8.71(s) — 8.13a 8.11a 7.65(m) 7.48(m) —


J5,6¼ 6.0
Dd 0.66 0.23 0.89 �0.13 0.45 �0.11


12 CDCl3 8.60(s) 8.50(s) 12.50(sbr) 7.24(d) 8.26(d) 7.25(m) 7.41(m) —
J5,6¼ 4.9


12HR TFA 9.24(s) 8.71(s) — 8.14a 8.12a 7.58(m) 7.48(m) —
J5,6¼ 6.0


Dd 0.64 0.21 0.90 �0.12 0.33 0.07
13 CDCl3 8.67(s) 8.57(s) 12.06(sbr) 7.34(d) 8.33(d) 7.37(m) 8.35(m) —


J5,6¼ 5.0
13HR TFA 9.02(s) 8.51(s) — 8.11(d) 8.26(d) 7.57(m) 8.33(m) —


J5,6¼ 5.9
Dd 0.35 �0.06 0.77 �0.07 0.20 �0.02


a These protons show an AB system, the assignments are based on gs-HMQC experiments and on the coupling constant values 1JC5H5<
1JC6H6.


Figure 1. Protonation effects in the 1H-NMR chemical shifts
[Dd(TFA-CDCl3)] of compounds 8–12. This figure is available
in colour online at www.interscience.wiley.com/journal/poc


Copyright # 2007 John Wiley & Sons, Ltd.
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pyridine nitrogen protonation that leads in solution to the
coexistence of the two tautomeric protonated forms in
equilibrium. The phenyl moiety, due to intrinsic R
substituent effects, is not useful for equilibrium studies
(Fig. 2).


Similarly, Table 5 reports the 15N chemical shifts of N1
and N2 for compounds 8–13 in neutral and acid media,
the assignments are based on gs-HMBC spectra (Fig. 3).
In the case of N1, the Dd values (�120 to �130 ppm) are
characteristic of pyridine protonation.14 The values of N2
obtained in TFA for 8–12 are intermediate between the
typical chemical shifts of hydroxyimino (approximately
�55.5 ppm) and oxoenamino (approximately �285 ppm)
nitrogen atoms,8,13–15 pointing out to a rapid proton
exchange between the two tautomers (Fig. 4). On
the other hand, the chemical shifts of N2 of 4-(4-
nitrophenylimino)methyl]pyridin-3-ol (13) in neutral and
acid media are very close (Dd¼�0.8 ppm), indicating
that the hydroxyimino form is the predominant one in
both media (>99%) for such derivative. The reason for
such behaviour can be explained as due to the p-nitro
group effect that diminishes the electron density on the
imino nitrogen.
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Table 3. 13C-NMR chemical shifts (d in ppm) and coupling constants (J in Hz) for the pyridine moiety of 8–13


Comp. Solvent CH——N C2 C3 C4 C5 C6


8 CDCl3 160.9 141.2 155.1 123.6 123.6 140.3
1J¼ 163.6 1J¼ 180.8 1J¼ 161.0 1J¼ 179.9


3J¼ 6.2 3J¼ 10.3 3J¼ 9.2 3J¼ 11.0
8Hþ TFA 158.3 135.0 162.3 125.7 130.6 127.9


1J¼ 183.5 1J¼ 193.3 1J¼ 174.6 1J¼ 198.0
3J¼ 6.1 3J¼ 5.9 3J¼ 5.0


Dd �2.6 �6.2 7.2 2.1 7.0 �12.4
9 CDCl3 159.6 140.9 155.1 123.6 123.4 140.2


1J¼ 163.4 1J¼ 180.8 3J¼ 3J¼ 2J¼ 7.3 1J¼ 161.0 1J¼ 181.5
3J¼ 6.3 3J¼ 11.1 3J¼ 9.2 3J¼ 11.4


9Hþ TFA 156.2 134.6(br) 157.5 126.3(br) 130.5 128.6
1J¼ 184.4 1J¼ 191.6 2J¼ 3.1 1J¼ 175.9 1J¼ 194.7


3J¼ 6.1 3J¼ 8.0
Dd �3.4 �6.3 2.4 2.7 7.1 �11.6


10 CDCl3 158.2 141.1 155.1 123.8 123.4 140.4
1J¼ 163.1 1J¼ 181.0 1J¼ 160.7 1J¼ 182.3


3J¼ 6.2 3J¼ 3J¼ 9.3 3J¼ 9.0 3J¼ 11.9
10Hþ TFA 153.1 133.9 160.8 126.8 130.0 129.2


1J¼ 185.8 1J¼ 193.4 1J¼ 174.8 1J¼ 198.2
Dd �5.1 �7.2 5.7 3.0 6.6 �11.2


11 CDCl3 161.3 141.2 154.9 123.3 123.6 140.4
1J¼ 163.6 1J¼ 181.8 1J¼ 161.0 1J¼ 182.0


3J¼ 6.2 3J¼ 10.3 3J¼ 10.1 3J¼ 10.7
11Hþ TFA 158.2 134.7 162.4 127.2 129.9 127.8


1J¼ 181.5 1J¼ 195.0 1J¼ 173.8 1J¼ 195.1
3J¼ 5.3


Dd �3.1 �6.5 7.5 3.9 6.3 �12.6
12 CDCl3 161.1 141.0 154.8 123.2 123.5 140.3


1J¼ 163.7 1J¼ 181.1 1J¼ 161.1 1J¼ 182.6
3J¼ 6.2 3J¼ 10.7 3J¼ 9.1 3J¼ 12.5


3J¼ 5.8
12Hþ TFA 158.2 134.7 162.4 126.9 129.9 127.8


1J¼ 180.9 1J¼ 192.0 1J¼ 173.9 1J¼ 196.4
Dd �2.9 �6.3 7.6 3.9 6.4 �12.5


13 CD3CN 166.8 141.8 155.9 124.6 125.8 141.7
1J¼ 168.2 1J¼ 181.7 3J¼ 3J¼ 4.9 1J¼ 163.6 1J¼ 182.0


3J¼ 5.9 3J¼ 10.2 3J¼ 9.9 3J¼ 10.1
13Hþ TFA 161.2 132.7 159.5 130.2 128.7 130.0


1J¼ 174.8 1J¼ 191.8 3J¼ 6.1 1J¼ 175.6 1J¼ 197.0
3J¼ 6.0


Dd �5.6 �9.1 3.6 5.6 2.9 �11.7
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To verify that TFA, which modifies the acidity of the
media and the polarity around the hydrogen bonds,
stabilizes the oxoenamino versus the hydroxyimino
tautomer, we decided to prepare the tetrafluoroborate
salts 10HRBFS


4 , 11HRBFS
4 plus the complex 11�Picric


acid to study them in solid state comparatively to solution
by NMR spectroscopy. The CPMAS NMR spectroscopy
has been already used to elucidate Schiff bases
structure.15–17 In the solid state, where the signals are
not averaged by solvent effects or by rapid exchange
processes often present in solution, the change in the
nitrogen chemical shifts caused by complete protonation
can be of the order of 50–100 ppm, allowing a more
accurate study.18–20


From the 1H-NMR data, these salts exist in the
hydroxyimino form. In THF-d8 two different salt species

Copyright # 2007 John Wiley & Sons, Ltd.

are observed and no evolution with time was observed.
Similarly occurs in DMSO-d6 solution, the minor species
evolving towards the major one after 12 h; the OH
chemical shift was detected only in DMSO-d6 as a very
broad signal at 9.70 ppm. In CD3OD addition of the
solvent to the double imino bond occurs, the imino proton
shifts upfield from 9.12 to 5.90 ppm (Experimental Part).


The 13C-NMR data for salts 10HRBFS
4 , 11HRBFS


4 and
11�Picric acid are shown in Table 6 (gs-HMQC and
gs-HMBC spectra were used for the assignments). For
tetrafluoroborate salts 10HRBFS


4 , 11HRBFS
4 no signifi-


cant differences between neutral imines and their salts
appear, and the signals used to be very broad in solid state
(e.g. in Fig. 5). The 15N-NMR chemical shifts show that
the pyridine nitrogen is protonated and only the
hydroxyimino form is present (Table 7, Fig. 6). In
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Table 4. 13C-NMR chemical shifts (d in ppm) and coupling constants (J in Hz) for the phenyl moiety of 8–13


Comp. Solvent C10 C20 C30 C40 R


8 CDCl3 147.6 121.2 129.5 128.0 —
3J¼ 3J¼ 3J¼ 8.7 1J¼ 160.4 1J¼ 161.8 1J¼ 163.0


3J¼ 6.2 3J¼ 8.0 3J¼ 3J¼ 7.6
4J¼ 5.5


8Hþ TFA 134.7 120.4 129.9 132.9
1J¼ 164.1 1J¼ 167.0 1J¼ 165.3


3J¼ 3J¼ 6.0 3J¼ 7.7 3J¼ 3J¼ 7.1
Dd �12.9 �0.8 0.4 4.9


9 CDCl3 144.8 121.1 130.1 138.3 21.0
3J¼ 3J¼ 3J¼ 7.3 1J¼ 159.6 1J¼ 158.3 3JðH20=H60Þ ¼ 2JðCH3Þ ¼ 6:3


1J¼ 126.6
3J¼ 4.1 3JðCH3Þ ¼ 5:0


3J¼ 3J¼ 3.6
3J¼ 5.0


9Hþ TFA 131.9 120.4 130.7 140.8 19.0
1J¼ 162.0 1J¼ 161.3 3JðH20=H60Þ ¼ 2JðCH3Þ ¼ 6:3


1J¼ 127.8
3J¼ 4.6 3J¼ 4.0


Dd �12.9 �0.7 0.6 2.5 �2
10 CDCl3 140.36 122.7 114.8 159.8 55.6


1J¼ 159.3 1J¼ 160.3 1J¼ 144.1
3J¼ 6.2 3J¼ 5.2


10Hþ TFA
127.8 122.9 115.6 164.0 54.5


1J¼ 163.5 1J¼ 165.6 1J¼ 146.2
3J¼ 5.5 3J¼ 4.7


Dd �12.6 0.2 0.8 4.2 �1.2
11 CDCl3 146.5 122.8 132.6 121.7 —


3J¼ 3J¼ 3J¼ 8.3 1J¼ 161.6 1J¼ 167.2 3J¼ 3J¼ 9.8
3J¼ 5.8 3J¼ 6.0


11Hþ TFA 135.5 121.8 133.2 127.0 —
1J¼ 165.9 1J¼ 172.1


3J¼ 5.0 3J¼ 5.5
Dd �11 �1 0.6 5.3


12 CDCl3 145.8 122.4 129.5 133.6 —
3J¼ 3J¼ 3J¼ 8.8 1J¼ 163.2 1J¼ 167.6 3J¼ 3J¼ 10.1


3J¼ 5.8 3J¼ 5.4 2J¼ 2J¼ 3.2
12Hþ TFA 135.0 121.7 130.1 139.4 —


1J¼ 165.3 1J¼ 170.9
3J¼ 5.5 3J¼ 5.2


Dd �10.8 �0.7 0.6 5.8
13 CD3CN 154.5 123.6 126.2 147.8 —


3J¼ 8.1 1J¼ 166.4 1J¼ 169.9
3J¼ 5.7 3J¼ 4.6


13Hþ TFA 147.0 121.7 124.7 149.2 —
1J¼ 167.1 1J¼ 171.5


3J¼ 5.6 3J¼ 5.1
Dd �7.5 �1.9 �1.5 1.4
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11�Picric acid the acidity of picric acid (2,4,6-
trinitrophenol, pKa¼ 0.4) is not strong enough to
protonate the pyridine nitrogen, as we can observe in
the N1 chemical shift of Table 7; possibly this nitrogen
atom is coordinated through hydrogen bonding to the OH
of the picric acid, thus the compound is not a picrate but a
picric acid complex.21 The 13C chemical shift values of
the picric acid, C100, C200 and C400 in the Experimental
Part, also indicate that the hydroxyl proton is transferred
in some amount towards the pyridine nitrogen. The
presence of different signals for N1 and N2 in the

Copyright # 2007 John Wiley & Sons, Ltd.

15N CPMAS NMR spectrum of 11HRBFS
4 suggests the


existence either of different conformations or poly-
morphs.

X-Ray crystallographic studies


The molecular structure of a compound being dependent
on its physical state, different tautomeric forms can be
found in solution, in the crystal and in the gas phase.22


Concerning the present work, X-ray diffraction studies
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Figure 2. Protonation effects in the 13C-NMR chemical
shifts [Dd(TFA-CDCl3)] of compounds 8–13. This figure is
available in colour online at www.interscience.wiley.com/
journal/poc
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show that (E)-4-[(4-bromophenylimino)methyl]-3-hydro-
xypyridinium tetrafluoroborate (11HRBFS


4 ) exists exclu-
sively in the hydroxyimino form in the crystal at room
temperature, in agreement with the CPMAS NMR data.
Attempts to get good quality crystals of 10HRBFS


4 and
11�Picric acid for X-ray diffraction analysis proved to be
unsuccessful.


The structure of the cation 11HR showing the atomic
numbering is shown in Fig. 7 and selected distances and
angles are listed in Table 8. The driving force for the
observed planarity is the intramolecular hydrogen bond

Table 5. 15N-NMR chemical shifts (d in ppm) of 8–13


Compound Solvent N1 N2


8 CDCl3 �56.6 �67.5
8HR TFA �178.1 �166.4


Dd �121.5 �98.9
9 CDCl3 �57.7 �69.1
9HR TFA �176.0 �167.7


Dd �118.3 �98.6
10 CDCl3 �57.5 �70.5
10HR TFA �178.1 �168.7


Dd �120.6 �98.2
11 CDCl3 �55.0 �71.4
11HR TFA �179.6 �149.2


Dd �124.6 �77.8
12 CDCl3 �55.8 �70.6
12HR TFA �179.6 �149.2


Dd �123.8 �78.6
13 CD3CN �50.5 �75.5
13HR TFA �181.2 �76.3


Dd �131.2 �0.8


Copyright # 2007 John Wiley & Sons, Ltd.

N2���H1B-O1, which locks the imine group into the
planar configuration even in the presence of the water
molecule,23 where O2A binds the pyridine nitrogen
through H1A-N1. The hydrogen atoms of the water
molecule were not observed in the difference maps and
are not shown, but O���Br [mean value of 3.65(2) Å] and
O���F [in the range 2.63(3)–2.91(3) Å] distances are
consistent with hydrogen-bonding formation between the
heteroatoms.


The N1-H1A���O2A and Br��O hydrogen bonds lead to
the formation of dimers in the packing, which also
present p–p stacking interactions between the phenyl
and pyridinium rings. The distance between the ring
centroids is 3.79 Å and the angle between the ring normal
and the vector between the ring centroids is of 21.23,
since one ring is slipped 1.38 Å relative to the opposite
molecule.24 Additionally the O���F(BF4) hydrogen bonds
give rise to undulated layers parallel to (100) as depicted
in Fig. 8.

Theoretical calculations


The hybrid DFT B3LYP/6-31G�� method25,26 was used to
carry out the optimisation of the structures and no
restrictions were imposed, save the initial angle C4CHN
that was set to 08 in order to form the intramolecular
—OH���N——C< hydrogen bond. After each geometry
optimisation, the vibrational frequencies were computed
in order to ensure that the calculated geometry
corresponds to a minimum and not to a saddle point
on the energy hypersurface.


At the same theoretical level we had already
established that in neutral imines the hydroxyimino
tautomer with E configuration is the most stable.6 Taking
this structure as the starting point, the Schiff bases 8–13
present three different positions to be protonated by TFA
(N1, N2 and OH). The results on the geometry
optimisation of the different structures point out that
protonation are clearly favoured at the pyridine nitrogen
(N1) over protonation at the other sites. According to
calculations, in the gas phase, the protonated oxoenamino
form is only 3–7 kJ mol�1 higher in energy than the
protonated hydroxyimino one (Table 9). Therefore,
theoretical results would predict that in solution or in
solid state the two protonated forms can be present.


In hydrogen bonds the heavy atoms are separated by
less than the sum of their van der Waals radii, that is, for
weak HBs, N���H���O� 2.7 Å, whereas in strong HBs the
separation is 2.5–2.6 Å for N���H���O.27 When the proton
moves towards the centre of the hydrogen bond, a
contraction of the N���O distance is observed. The HB
distances summarised in Table 10 show a shorter value for
the protonated form, therefore the hydrogen bond
becomes stronger, with the nitrogen atom and the proton
closer making the proton transfer easier.

J. Phys. Org. Chem. 2007; 20: 610–623


DOI: 10.1002/poc







N


OH


N


R


N


O


NH


R


H H
-121.8


-90.4 TFA


0


50


100


150


200


250


300


350


Ph Me OMe Br Cl NO2


NH2 NH CH=N/CH=N


(a) (b)


Figure 4. (a) Protonation effects in the 15N-NMR chemical shift [Dd(TFA-CDCl3)] of
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Figure 3. 15N-NMR of 10 in solution: (a) CDCl3, (b) in CF3COOH
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Electronic spectra


The wavelength absorption bands (lmax in nm) in the
electronic spectra of the Schiff bases 8–13 in acetonitrile
(absorption at <190 nm) and the corresponding absorp-

Table 6. 13C-NMR chemical shifts (d in ppm) and coupling consta
and 11�Picric acid


Compound Solvent CH——N C2


10Hþ BFS
4 DMSO-d6 155.2 133.2


1J¼ 172.3 1J¼ 188.6
3J¼ 5.3 3J¼ 8.1


THF-d8 157.5a 133.6
157.6b 135.0


CP-MAS 153.9 132.1


11Hþ BFS
4 THF-d8 162.8a 135.5


161.5b 135.2
CP-MAS 157.7 133.4


11�Picric acid DMSO-d6 158.0 134.7
1J¼ 171.6 1J¼ 186.5


a Major product.
b Minor product.
c Not observed.
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tion band in 0.1 M TFA in CH3CN are shown in Table 11.
These absorptions mainly represent the pyridine chro-
mophore.6 Figure 9 shows the electronic spectra in neutral
and acid media of 3-hydroxypyridine-4-carboxaldehyde
(1) and two of the Schiff bases studied, the

nts (J in Hz) for the pyridine moiety of 10HRBF4, 11HRBF4
S


C3 C4 C5 C6


156.3 132.0 125.9 133.5
3J¼ 4.6 1J¼ 171.7 1J¼ 191.3
3J¼ 7.1 3J¼ 6.0 3J¼ 7.2


2J¼ 2.4 2J¼ 4.2
158.8 135.0 128.7 134.1
157.6 134.9 127.8 134.8
157.6 130.3 130.0 132.1


127.4
158.4 123.7 128.2 135.8


c c 128.2 c


158.6 130.0 130.6 133.4
155.7 124.3 125.2 134.4


1J¼ 186.5
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Figure 5. 13C CPMAS NMR of (E)-4-[(4-methoxyphenylimino)methyl]-3-
hydroxypyridine (10) and its tetrafluoro-
borate salt 10HRBFS4


Figure 6. gs-HMBC 15N-NMR of (E)-4-[(4-methoxypheny-
limino)methyl]-3-hydroxypyridinium tetrafluoroborate
(10HRBFS4 ) in DMSO-d6


Table 7. 15N-NMR chemical shifts (d in ppm) of 10HRBFS4 ,
11HRBFS4 and 11�Picric acid


Compound Solvent N1 N2


10Hþ BFS
4 DMSO-d6 �157.1 �58.7


THF-d8 �154.0a �68.0
�177.3b �66.0


CP-MAS �180.0 �70.7
11Hþ BFS


4 THF-d8
c �68.3


CP-MAS �177.5 �71.2
�178.3 �72.1
�179.9 �72.8
�181.2


11�Picric acidd DMSO-d6 �137.6 �54.8


a Major product.
b Minor product.
c Not observed.
d Picric acid 15N-NMR d (ppm): �12.6 (NO2), �9.5 (NO2).
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4-[(4-methoxyphenylimino)methyl]pyridin-3-ol (10) and
the 4-[(4-nitrophenylimino)methyl]pyridin-3-ol (13).
Comparing the two spectra we notice that in the aldehyde
the protonation of the pyridine nitrogen red-shifted the
absorption band of the pyridine chromophore (Fig. 9a),
but in the Schiff bases the longer wavelength absorption
bands are blue-shifted (Fig. 9b) suggesting the presence
of the oxoenamino tautomer in equilibrium with the
hydroxyimino.28 To confirm our proposal we recorded the
1H, 13C and 15N-NMR in 0.5M TFA in CD3CN of 10, the

Figure 7. ORTEP plot of (E)-4-[(4-brom
idinium tetrafluoroborate (11HRBFS4 ) wi
ability. The BF4 anion is omitted for clarit


Copyright # 2007 John Wiley & Sons, Ltd.

chemical shifts indicate the expected equilibrium
between the two tautomeric forms: 1H-NMR d: 9.06 (s,
CH——N), 8.43 (s, H2), 8.13 (d, H6, 3J¼ 5.97 Hz), 8.05 (d,
H5), 7.63 (m, H20/H60), 7.07 (m, H30/H50), 3.84 (s,
OCH3); 13C-NMR d: 157.9 (CH——N), 134.9 (C2), 131.3
(C5), 130.8 (C6), 126.0 (C4), 125.6 (C20/C60), 117.0 (C30/
C50), 56.9 (OCH3); 15N-NMR d: �109.7 (N2), �180.0
(N1). Only in the 4-[(4-nitrophenylimino)methyl] pyr-
idin-3-ol (13) such blue-shift was not observed (Fig. 9c),
indicating that there was no proton transfer between the

ophenylimino)methyl]-3-hydroxypyr-
th thermal ellipsoids at 30% prob-
y purposes
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Table 8. Selected bond lengths [Å] and angles [8] including hydrogen bonds for 11HRBFS4


Br-C10 1.884(8) C11-C10-Br 119.7(7)
N2-C7 1.435(9) C9-C10-Br 120.3(6)
N2-C6 1.259(9) C6-N2-C7 122.7(7)
C5-C6 1.46(1) N2-C6-C5 121.3(7)
C1-O1 1.337(8) C1-C5-C6 120.3(7)
N1-C2 1.34(1) O1-C1-C5 121.8(7)
N1-C3 1.31(1) C2-C1-O1 119.6(7)
O1-H1B 1.1025 C3-N1-C2 122.0(7)
N1-H1A 0.8645 C1-O1-H1B 107.7
O1. . .N2 2.563(8) C3-N1-H1A 118.9
N1. . .O2Aa 2.68(2) C2-N1-H1A 117.8
N1. . .O2Ba 2.77(2) O1-H1B. . .N2 138.0
H1B. . .N2 1.64 N1-H1A. . .O2Aa 170.5
H1A. . .O2Ba 1.94 N1-H1A. . .O2Ba 162.2
H1A. . .O2Aa 1.83


a Oxygen atom of water molecule with 0.5/0.5 occupancy.


Figure 8. Crystal packing of (E)-4-[(4-bromophenylimino)methyl]-3-hydro-
xypyridinium tetrafluoroborate (11HRBFS4 ) along a. The fluorine atoms and
the water oxygen are represented only in one of the two disordered positions
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Table 9. Absolute energies (hartrees) and relative energies (kJ mol�1) of structures 8HR–13HR


Compound Hydroxyimino Oxoenamino


8Hþ(R——H) �648.42433 (0.0) 2.99
þZPE �648.21482 (0.0) 4.00


9Hþ(R——CH3) �687.74823 (0.0) 3.52
þZPE �687.51132 (0.0) 3.84


10Hþ(R——OCH3) �762.95747 (0.0) 6.25
þZPE �762.71511 (0.0) 6.67


11Hþ(R——Br) �3221.70012 (0.0) 5.38
þZPE �3221.50081 (0.0) 5.93


12Hþ(R——Cl) �1108.01520 (0.0) 5.59
þZPE �1107.81540 (0.0) 6.23


13Hþ(R——NO2) �852.91163 (0.0) 5.91
þZPE �852.69953 (0.0) 5.89
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imino nitrogen and the OH group and that the
oxoenamino form is not present. The overall results
agree with those obtained by NMR spectroscopy in TFA.
The electronic spectra of the tetrafluoroborate salts of
imines 10 and 11 were also registered, the wavelength
absorption bands in acetonitrile [lmax in nm, (loge)]
being: 10HRBFS


4 385.0 (4.17), 11HRBFS
4 359.5 (4.12)


and Dl(10HR BFS
4 �10)¼ 30 nm, Dl(11HR BFS


4


�11)¼ 30 nm.

CONCLUSIONS


A set of novel 1H, 13C and 15N-NMR data of aromatic
Schiff bases, 4-[(4-R-phenylimino)methyl]pyridin-3-ols

Table 10. Hydrogen bond distances rN2H=rN2O


Compound Hydroxyimino


8 1.747 Å/2.638 Å
9 1.745 Å/2.637 Å
10 1.744 Å/2.638 Å
11 1.755 Å/2.643 Å


12 1.754 Å/2.642 Å


13 1.766 Å/2.649 Å


Copyright # 2007 John Wiley & Sons, Ltd.

(R——H, CH3, OCH3, Br, Cl, NO2), in acid solution has
been determined showing that the transfer of the bridging
proton of the intramolecular O—H���N hydrogen bond
from the hydroxyl oxygen to the imino proton is assisted
by protonation of the pyridine ring. A comparison of the
solution results with the data obtained for the tetrafluor-
oborate salts in solid state by CPMAS NMR and X-ray
analysis has demonstrated that protonation takes place on
the pyridine nitrogen but the compounds still exist in the
hydroxyimino form in solid state.


An increase in the solvent acidity changes the polarity
around the hydrogen bond and shifts the equilibrium from
hydroxyimino towards oxoenamino tautomers. The
magnitude of the effect is related to the solvent capacity
to protonate the pyridine ring.29

HydroxyiminoHþ Dr


1.653 Å/2.572 Å 0.094/0.066
1.653 Å/2.572 Å 0.092/0.065
1.656 Å/2.575 Å 0.088/0.063
1.659 Å/2.575 Å 0.096/0.068


1.661 Å
´


/2.576 Å 0.093/0.066


1.677 Å
´


/2.584 Å 0.089/0.065
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Table 11. The wavelength absorption bands in the electronic spectra of 1, 8–13, lmax in nm, (loge)


Compound CH3CN 0.1 M TFA in CH3CN ~l


1 332.5 (3.63) 320.5 (3.79) �12
8 338.5 (3.94) 354.0 (4.05) 15.5
9 342.5 (4.10) 365.5 (4.21) 23


10 355.0 (4.19) 394.0 (4.27) 39
11 328.5 (4.07) 361.0 (4.20) 32.5
12 329.5 (4.03) 360.5 (4.14) 31
13 329.0 (3.96) 322.0 (4.04) �7


Figure 9. Electronic spectra in CH3CN (blue) and 0.1M TFA in CH3CN (red) of compounds: (a) 1, (b) 10, (c) 13
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EXPERIMENTAL PART


General procedures


Melting points were determined by DSC on a SEIKO
DSC 220C connected to a Model SSC5200H Disk
Station. Thermograms (sample size 0.003–0.010 g) were
recorded at the scanning rate of 2.0 8C min�1.


NMR spectroscopy


Solution NMR spectra were recorded on a Bruker DRX
400 (9.4 T, 400.13 MHz for 1H, 100.62 MHz for 13C and
40.56 MHz for 15N) spectrometer with a 5-mm inverse-
detection H—X probe equipped with a z-gradient coil, at
300 K.30 Chemical shifts (d in ppm) are given from
internal solvent, CDCl3 7.26 for 1H and 77.0 for
13C, DMSO-d6 2.49 for 1H and 39.5 for 13C, THF-d8


3.58 for 1H and 67.6 for 13C, CD3CN 1.94 for 1H and
118.7 for 13C and for 15N-NMR nitromethane (0.0) was
used as external standard. The spectra done in TFA
solution was recorded with a lock capillary with
DMSO-d6 2.49 for 1H and 39.5 for 13C. Typical
parameters for 1H-NMR spectra were spectral width
7000 Hz and pulse width 7.5ms at an attenuation level of
0 dB and resolution 0.15–0.25 Hz per point. Typical
parameters for 13C-NMR spectra were spectral width
21 kHz, pulse width 10.6ms at an attenuation level of
�6 dB, resolution 0.6 Hz per point and relaxation delay
2 s; WALTZ-16 was used for broadband proton decou-

Copyright # 2007 John Wiley & Sons, Ltd.

pling; the FIDS were multiplied by an exponential
weighting (lb¼ 2 Hz) before Fourier transformation. 2D
inverse proton detected heteronuclear shift correlation
spectra, (1H–13C) gs-HMQC, (1H–13C) gs-HMBC and
(1H–15N) gs-HMBC, were acquired and processed using
standard Bruker NMR software and in non-phase-sensitive
mode. Gradient selection was achieved through a 5% sine
truncated shaped pulse gradient of 1 ms. Selected
parameters for (1H–13C) gs-HMQC and gs-HMBC spectra
were spectral width 2500–8000 Hz for 1H and 12.0 kHz for
13C, 1024� 256 data set, number of scans 2 (gs-HMQC) or
4 (gs-HMBC) and relaxation delay 1 s. The FIDs were
processed using zero filling in the F1 domain and a
sine-bell window function in both dimensions was applied
prior to Fourier transformation. In the gs-HMQC
experiments GARP modulation of 13C was used for
decoupling. Selected parameters for (1H-15N) gs-HMBC
spectra were spectral width 2500–3500 Hz for 1H and
12.5 kHz for 15N, 1024� 512 data set, number of scans
4–16, relaxation delay 1 s, 37–150 ms delay for the
evolution of the 15N- 1H long-range coupling. The FIDs
were processed using zero filling in the F1 domain and a
sine-bell window function in both dimensions was applied
prior to Fourier transformation.


Solid state 13C (100.73 MHz) and 15N (40.60 MHz)
CPMAS NMR spectra have been obtained on a Bruker WB
400 spectrometer at 300 K using a 4 mm DVT probehead.
Samples were carefully packed in a 4-mm diameter
cylindrical zirconia rotor with Kel-F end-caps. Operating
conditions involved 3.2ms 90 1H pulses and decoupling
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field strength of 78.1 kHz by TPPM sequence. 13C spectra
were originally referenced to a glycine sample and then the
chemical shifts were recalculated to the Me4Si [for the
carbonyl atom d (glycine)¼ 176.1 ppm] and 15N spectra to
15NH4Cl and then converted to nitromethane scale using
the relationship: d15N(MeNO2)¼ d 15N(NH4Cl) �338.1ppm.
Typical acquisition parameters for 13C CPMAS were:
spectral width, 40 kHz; recycle delay, 5–30 s; acquisition
time, 30 ms; contact time, 2–4 ms; and spin rate, 12 kHz. In
order to distinguish protonated and unprotonated carbon
atoms, the Non-Quaternary Suppression (NQS) exper-
iment by conventional cross-polarization was recorded;
before the acquisition the decoupler is switched off for a
very short time of 25ms.31,32 Typical acquisition para-
meters for 15N CPMAS were: spectral width, 40 kHz;
recycle delay, 5–30 s; acquisition time, 35 ms; contact time,
4 ms; and spin rate, 6 kHz.


DFT calculations


The optimisation of the structures of all compounds
discussed in this paper was carried out at the hybrid
B3LYP/6-31G�� level25,26 with basis sets of Gaussian
type functions using Spartan ’02 for Windows.33


Electronic spectra


UV–Visible spectra were measured on Shimadzu
UV-250rPC UV–Visible spectrometer.


Syntheses


Compounds (8–13) have been prepared by refluxing
in toluene equimolar amounts of 3-hydroxypyridine-
4-carboxaldehyde (1) and the corresponding anilines
(2–7) in toluene with quantitative yields.6


(E )-4-[(4-methoxyphenylimino)methyl]-3-hydroxy-
pyridinium tetrafluoroborate (10HRBFS4 ). Equimolar
amounts of imine 10 (158 mg, 0.69 mmol) and tetra-
fluoroboric acid 54 wt% solution in diethyl ether
(112.69 mg, 0.69 mmol) were mixed in CHCl3 (25 ml)
and stirred with a magnetic bar at room temperature.
Immediately a red solid precipitates in the media. After
filtration, the solid was washed twice with CHCl3 to
remove possible rests of starting materials. The crystals
were purified by crystallisation (THF/CHCl3); mp
181.9 8C, and 189.2 8C (DSC) with a lost at 153.9 8C.


1H-NMR (DMSO-d6), d: 3.82 (s, 3H, OCH3), 7.08 (m,
2H, H30/H50), 7.57 (m, 2H, H20/H60), 8.08 (d, 1H,
J¼ 5.6 Hz, H5), 8.40 (d, 1H, J¼ 5.6 Hz, H6), 8.59 (s, 1H,
H2) and 9.12 (s, 1H, CH——N).


13C-NMR (DMSO-d6), d: 55.6 (OCH3, 1J¼ 145.0 Hz),
114.9 (C30/C50, 1J¼ 161.4 Hz, 3J¼ 4.8 Hz), 123.8 (C20/
C60, 1J¼ 160.9 Hz, 3J¼ 6.2 Hz), 125.9 (C5, 1J¼ 171.7,
3J¼ 6.0, 2J¼ 2.4), 132.0 (C4), 133.2 (C2, 1J¼ 188.6,
3J¼ 8.1), 133.5 (C6, 1J¼ 191.3, 3J¼ 7.2, 2J¼ 4.2), 139.8

Copyright # 2007 John Wiley & Sons, Ltd.

(C10, 3J¼ 3J¼ 3J¼ 8.7 Hz) 155.2, (CH——N, 1J¼ 172.3,
3J¼ 5.3), 156.3 (C3, 3J¼ 4.6, 3J¼ 7.1) and 160.2 (C40).


1H-NMR (THF-d8), we observed two species a, 66%,
b, 34%. a, d: 3.85 (s, 3H, OCH3), 7.05 (m, 2H, H30/H50),
7.60 (m, 2H, H20/H60), 8.11 (d, 1H, J¼ 5.8 Hz, H5), 8.47
(d, 1H, J¼ 5.8 Hz, H6), 8.57 (s, 1H, H2) and 9.14 (s, 1H,
CH——N); b, d: 3.80 (s, 3H, OCH3), 7.05 (m, 2H, H30/H50),
7.57 (m, 2H, H20/H60), 7.92 (d, 1H, J¼ 5.9 Hz, H5), 8.30
(d, 1H, J¼ 5.9 Hz, H6), 8.43 (s, 1H, H2) and 9.05 (s, 1H,
CH——N).


13C-NMR (THF-d8) a, d: 56.1 (OCH3), 115.9 (C30/
C50), 125.0 (C20/C60), 128.7 (C5), 133.6 (C2), 134.1 (C6),
135.0 (C4), 140.3 (C10), 157.5 (CH——N), 158.8 (C3) and
162.4 (C40); b, d: 56.0 (OCH3), 116.0 (C30/C50), 124.6
(C20/C60), 127.7 (C5), 135.0 (C2), 134.8 (C6), 134.9 (C4),
140.5 (C10), 157.6 (CH——N, C3) and 161.1 (C40).


1H-NMR (CD3OD), we observed two species:
10HRBFS


4 , d: 3.88 (s, 3H, OCH3), 7.08 (m, 2H, H30/
H50), 7.60 (m, 2H, H20/H60), 8.15 (d, 1H, J¼ 5.8 Hz, H5),
8.37 (d, 1H, J¼ 5.8 Hz, H6), 8.55 (s, 1H, H2) and 9.12 (s,
1H, CH——N); and the addition product, d: 3.83 (s, 3H,
OCH3), 5.90 (s, 1H, —CH—NH—), 7.06 (m, 2H, H30/
H50), 7.31 (m, 2H, H20/H60), 8.07 (d, 1H, J¼ 5.8 Hz, H5),
8.34 (d, 1H, J¼ 5.8 Hz, H6) and 8.26 (s, 1H, H2).


(E)-4-[(4-bromophenylimino)methyl]-3-hydroxypyr-
idinium tetrafluoroborate (11HRBFS4 ). Equimolar
amounts of imine 11 (116 mg, 0.42 mmol) and tetraflour-
oboric acid 54 wt% solution in diethyl ether (68.6 mg,
0.42 mmol) were mixed in CHCl3 (25 ml) and stirred with a
magnetic bar at room temperature. Instantly a strong orange
solid precipitates in the media solution. After filtration, the
solid was washed twice with CHCl3 to remove possible rests
of starting materials. The crystals were purified by crystal-
lisation (THF/CHCl3); mp 216.1 8C with a lost at 139.1 8C,
and 227.7 decomposes (DSC).


1H-NMR (THF-d8), we observed two species a, 70%,
b, 30%. a, d: 7.53 (m, 2H, H30/H50), 7.55 (m, 2H, H20/
H60), 8.31 (d, 1H, J¼ 5.8 Hz, H5), 8.53 (d, 1H, J¼ 5.8 Hz,
H6), 8.66 (s, 1H, H2) and 9.23 (s, 1H, CH——N); b, d: 7.49
(m, 2H, H30/H50), 7.54 (m, 2H, H20/H60), 8.01 (d, 1H,
J¼ 5.8 Hz, H5), 8.33 (d, 1H, J¼ 5.8 Hz, H6), 8.47 (s, 1H,
H2) and 9.10 (s, 1H, CH——N).


13C-NMR (THF-d8) a/b, d: 123.7 (C4), 125.0 (C20/
C60), 128.2 (C5), 133.9 (C30/C50), 135.5/135.2 (C2),
135.8 (C6), 158.4 (C3), 147.4 (C10) and 162.8/161.5
(CH——N); CP-MAS d: 119.2 (C20/C60), 130.0 (C4), 130.6
(C30/C50, C5), 132.0 (C40), 133.4 (C6, C2), 143.1 (C10)
157.7 (CH——N) and 158.6 (C3).


Complex (E)-4-[(4-bromophenylimino)methyl]-3-
hydroxypyridine picric acid (11�Picric acid). Equi-
molar amounts of imine 11 (20 mg, 0.07 mmol) and picric
acid (16.6 mg, 0.07 mmol) were mixed in CHCl3 at room
temperature. The solution was extracted three times with
water, and the solvent was evaporated under reduce
pressure giving a yellow solid of 11�Picric acid
(quantitative yield).
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1H-NMR (DMSO-d6), d: 7.44 (m, 2H, H30/H50), 7.69
(m, 2H, H20/H60), 8.04 (d, 1H, J¼ 5.4 Hz, H5), 8.37 (d,
1H, J¼ 5.4 Hz, H6), 8.54 (s, 1H, H2), 8.58 (s, 2H, H300/
H500) and 9.04 (s, 1H, CH——N).


13C-NMR (DMSO-d6), d: 121.2 (C40), 123.9 (C20/C60,
1J¼ 162.4 Hz, 3J¼ 5.9 Hz), 124.3 (C4), 125.2 (C5 and
C300/C500, 1J¼ 167.6 Hz, 3J¼ 5.8 Hz), 132.4 (C30/C50,
1J¼ 167.3 Hz, 3J¼ 5.6 Hz), 134.4 (C6, 1J¼ 186.5 Hz),
134.7 (C2, 1J¼ 186.5 Hz), 141.8 (C200/C600), 147.4 (C10


and C400), 155.7 (C3), 158.0 (CH——N, 1J¼ 171.6 Hz) and
160.8 (C100).


X-Ray data collection and structure refinement. Light-
yellow needles single crystals of (11HRBFS


4 ) suitable for
X-ray diffraction experiments were obtained by crystal-
lization from THF/CHCl3. Data collection were carried
out at room temperature on a Bruker Smart CCD
diffractometer using graphite-monochromated Mo-Ka
radiation (l¼ 0.71073 Å) operating at 50 kV and 30 mA.
The data were collected over a hemisphere of the
reciprocal space by combination of three exposure sets.
Each exposure of 30 s covered 0.3 in v. The first 100
frames were recollected at the end of the data collection to
monitor crystal decay. No appreciable drop in the
intensities of standard reflections was observed. The cell
parameters were determined and refined by a
least-squares fit of all reflections.


A summary of the fundamental crystal and refinement
data of 11HRBF4S is given in Table 12. The structure was

Table 12. Crystal and refinement data for 2-(E)-4-[(4-bro-
mophenylimino)methyl]-3-hydroxypyridinium tetrafluorobo-
rate (11HRBFS4 )


CCDC number 637109
Empirical formula C12H10 BrN2O.BF4O
Formula weight 380.94
Crystal system Monoclinic
Space group P21/c
a (Å) 9.278(1)
b (Å) 7.345(1)
c (Å) 22.346(3)
b (8) 97.632(2)
V (Å3) 1509.3(3)
Z 4
T (K) 296(2)
F(000) 752
rcalc. (g cm�3) 1.685
m (mm�1) 2.773
Scan technique v and w
Data collected (�9,�8,�26) to (11,8,26)
u range (8) 1.84–25
Reflections collected 11156
Independent reflections 2656 (Rint¼ 0.1296)
Completeness to maximum u 100%
Data/restraints/parameters 2656/0/206
GOF (F2) 1.025
R [I> 2s(I)]a 0.0666 (1271 observed refl.)
RWF (all data)b 0.2204
Largest residual peak (e Å�3) 0.742 and �0.644


aS[jFoj�jFcj]/SjFoj.
b {S[w(F2


o�F2
c )2]/S[w(F2


o)2]}1/2.
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solved by direct methods and conventional Fourier
techniques. The refinement was done by full-matrix
least-squares on F2 (SHELXS-97).34 In the last cycles of
refinement a residual electronic density was assigned to a
disordered water molecule in two positions with 0.5/0.5
occupancy. Anisotropic parameters were used in the last
cycles of refinement for all non-hydrogen atoms with
some exceptions. The fluorine atoms of the BF4 anion are
disordered over two positions which were refined
isotropically with an occupancy of 0.5/0.5. Hydrogen
atoms bonded to N1 and O1 atoms have been located in a
Fourier synthesis, included and refined as riding on their
respective bonded atoms. The hydrogen atoms for the
water molecule were not observed in the difference maps
and were not included in the model. The remaining
hydrogen atoms were included in calculated positions and
refined as riding on their respective carbon atoms. Largest
peaks and holes in the final difference map were 0.763
and �1.170 eÅ�3. Final R(Rw) values were 0.0666
(0.2204). These values can be somewhat high since the
crystal diffracted poorly partly due to its needle shape that
gave rise to a low ratio: observed/unique reflections.


CCDC-637109 contains the supplementary crystal-
lographic data for this paper. These data can be obtained
free 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:
(þ44) 1223-336033; or www.deposit@ccde.cam.uk).
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ABSTRACT: Cycloreversion (ring-opening) process of a photochromic diarylethene derivative in PMMA polymer
solid film was investigated by means of picosecond laser photolysis. As was observed in our previous work in solution
phase, the drastic enhancement of the cycloreversion reaction yield was observed under picosecond laser exposure.
The excitation intensity effect of the reaction profiles revealed that the successive multiphoton absorption process
leading to higher excited states opened the efficient cycloreversion process with reaction yield of (50� 10)%. These
results indicate that the multiphoton-gated reaction takes place also in the polymer solid and its efficiency was almost
comparable with that in solution phase. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; diarylethene; picosecond dynamics; multiphoton process

INTRODUCTION


Photochromism is a photoinduced reversible isomeriza-
tion in a chemical species between two forms. The quick
property change arising from the chemical-bond recon-
struction via photoexcitation has been attracting much
attention not only from the viewpoint of the fundamental
chemical reaction processes but also from the viewpoint
of the application to optoelectronic devices such as
rewritable optical memory and switches.1–13 Among
various photochromic molecules, diarylethenes with
heterocyclic aryl rings have been developed as a new
type of thermally stable and fatigue-resistant photo-
chromic compounds.3–13 Changes in various physical and
chemical properties accompanied with the photochromic
reactions8–13 and the time-resolved detection of these
processes14–25 have been extensively investigated.


The photochromic systems for the actual application,
however, require several conditions such as (a) thermal
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stability of isomers, (b) low fatigue, (c) rapid response, (d)
high sensitivity, and (e) non-destructive readout capa-
bility. Since the reaction in the excited state generally
takes place in competition with various processes in a
finite lifetime, the large rate constant of the photochromic
reaction (the quick response) is of crucial importance for
an increase in the reaction yield (the high sensitivity) and
a decrease in undesirable side reactions resulting in low
durability (the low fatigue). Although some of diary-
lethene derivatives fulfill conditions (a)–(d), the non-
destructive read-out capability is usually in conflict with
the above properties fulfilling conditions (b)–(d). Hence,
the introduction of gated-function is required for the
photochromic systems with non-destructive capability
while reading-out by the absorption of the light. Recently,
we reported multiphoton-induced enhancement of a
cycloreversion reaction in photochromic systems in
solution phase.21–25 The detailed investigation of the
excitation intensity dependence of the reaction profiles
revealed that the successive two-photon absorption
process via the S1 state opened the efficient cyclorever-
sion process in higher excited states. For one of the
diarylethene derivatives,23 the cycloreversion reaction
yield at the highly excited state was estimated to be
(50� 10)%, while the cycloreversion quantum yield
through the S1 state is only 1.3%. Moreover, it was also
found that one-photon absorption directly pumped to

J. Phys. Org. Chem. 2007; 20: 953–959







Figure 1. Steady-state absorption spectra of PT1 in PMMA
solid film. Closed-ring isomer of PT1, PT1(c), (smooth line)
and open-ring isomer, PT1(o), (dotted line)
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higher excited state did not lead to the efficient
cycloreversion reaction. These results indicate not the
energy of the excitation but the character of the electronic
state takes an important role in the enhancement of the
cycloreversion reaction. The selective excitation to a
specific electronic state leading to the target reaction
seems to provide a novel approach for the control of the
photochemical reactions. Not only from the viewpoint of
the basic photochemical reaction but also from the
viewpoint of the application, this multiphoton-gated
reaction may provide a new approach to erasable memory
media with non-destructive readout capability. Along this
line, we have studied the multiphoton reaction profiles of
diarylethene derivatives in solid polymer films.

EXPERIMENTAL


A picosecond laser photolysis system with a repetitive
mode-locked Nd3þ:YAG laser was used for transient
absorption spectral measurements.26 The second harmo-
nic (532 nm) with 15 ps fwhm and 0.5–1mJ was used for
excitation. The excitation pulse was focused into a spot
with a diameter of ca. 1.5mm. Picosecond white light
continuum generated by focusing a fundamental pulse
into a 10 cm quartz cell containing D2O and H2O mixture
(3:1) was employed as a monitoring light.


For the measurement of the dependence of the transient
absorption spectra on the excitation intensity of the
picosecond laser pulse, a pinhole with a diameter of
1.0mmwas placed before the sample. The intensity of the
picosecond laser light was measured by a laser power
meter (Gentec, ED-200).


Bis(2-methyl-5-phenylthiophen-3-yl)perfluorocyclopen-
tene, PT1, was synthesized and purified.13d This molecule
undergoes the photochromic reactions between the
open-isomer and the closed-isomer as shown in
Scheme 1. PMMA (Aldrich, Mw¼ 12 000) was purified
by precipitation from toluene solution with methanol.
Solid films with ca. 0.2mm thickness were prepared from
the chloroform solution of PT1 by casting onto the quartz
plate. The specimen was air-dried in dark room at room
temperature for 2 h, followed by further drying in vacuum
for more than 12 h. The laser exposure spot was replaced

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

with unirradiated new position and the data was obtained
only with one-shot laser exposure for each spectrum. The
absorbance at the absorption maximum was ca 1. All the
measurements were performed under O2 free condition at
22� 2 8C.

RESULTS AND DISCUSSION


Figure 1 shows steady-state absorption spectra of PT1 in
PMMA solid film. The closed-form of PT1, PT1(c) has
the absorption maximum at 590 nm in the visible region,
together with peaks at 305 and 380 nm in the UV region.
On the other hand, the open-form of PT1, PT1(o), has the
absorption only in the UV region. The absorption maxima
and spectral band shapes of both spectra were respectively
almost the same with those in n-hexane solution. The
cycloreversion yield in n-hexane solution was reported13d


to be 0.013, while that in PMMAmatrix was estimated to
be �0.01. The cycloreversion reaction yield in PMMA
solid film is slightly smaller or almost the same with that
in n-hexane solution.


Figure 2 show transient absorption spectra of PT1(c) in
PMMA film, excited with a picosecond 532 nm laser
pulse with an excitation intensity of 1.8mJ/mm2. A
negative absorption band with a maximum at 590 nm and
positive absorption bands in the wavelength regions
longer than 650 nm and shorter than 450 nm appear

1
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Figure 2. (a) Time-resolved transient absorption spectra of
PT1(c) in PMMA solid film, excited with a 15 ps FWHM
532nm laser pulse with 1.8mJ/mm2 output power. (b)
Transient absorption spectra of PT1(c) in PMMA solid film,
normalized at 590 nm, observed at 10 ps (blue line) and
100ps (red line) after the excitation. The black solid line
is a negative image of ground-state absorption of PT1(c).
This figure is available in colour online at www.interscience.
wiley.com/journal/poc


Figure 3. Time profiles of the transient absorbance of
PT1(c) in PMMA solid film, excited with a 15 ps FWHM,
532nm laser pulse with 1.8mJ/mm2 output power, and
observed at 800 nm, (a), and at 590 nm, (b). Solid lines
are convolution curves calculated on the basis of the pulse
widths of pump and probe pulse (15 ps) and a time constant
(15 ps). The lines in (b) are the results calculated with the
reaction yield as a parameter. From the top, the reaction
yields of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 were
respectively set for the calculation with the pulse width of
15 ps and the time constant of 15 ps. The bold line with the
reaction yield of 0.7 best reproduces the experimental result
in (b). (see text) This figure is available in colour online at
www.interscience.wiley.com/journal/poc
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immediately after the excitation. The former negative
absorption can be safely ascribed to the bleaching signal
of the ground state PT1(c). On the other hand, the positive
absorption bands are assigned to the excited state of
PT1(c) because the decay time constant was in agreement
with that for the recovery of the former bleaching signal
as will be shown in later. At and after 100 ps following the
excitation, almost all positive absorption signals dis-
appeared and constant negative absorption remained. As
shown in Fig. 2(b), the transient absorption spectrum at
100 ps after the excitation was identical with the negative
image of the ground-state absorption spectrum, although
the spectrum at 10 ps shows the absorption signal due to
the excited state. In addition, this negative absorption
spectrum as observed at 100 ps did not disappear even at

Copyright # 2007 John Wiley & Sons, Ltd.

several hours after the excitation. Since the UV light
irradiation at the spot irradiated by the picosecond 532 nm
laser pulse perfectly recovered the absorbance of PT1(c),
the negative absorption signal as observed in the transient
absorption spectra at and after 100 ps following the
excitation was assigned to the cycloreversion reaction
from PT1(c) to PT1(o).


Figure 3 shows the time profiles of PT1(c) in PMMA
solid film monitored at several wavelength points
following the picosecond 532 nm laser excitation. The
time profile at 800 nm shows the rapid appearance of the
positive absorbance followed by the decay in several tens
of picoseconds time region. The solid lines in Figure 3 are
curves calculated on the basis of the pulse widths of the
exciting and monitoring pulses and the decay time
constant. In this calculation, the mono-phasic decay with
a time constant of 15 ps was assumed. As shown in this
figure, the calculated curves reproduce the experimental
results well. On the other hand, the time profile at 590 nm
shows that the negative transient absorbance appearing
within the response of the apparatus recovers slightly in
several tens of picosecond time region, followed by the
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Scheme 2


Figure 4. Excitation intensity dependence of transient
absorbance of PT1(c) in PMMA solid film. (a) Observed at
590 (blue circles) and 880nm (red circles) at 20 ps after the
excitation with a 15 ps 532 nm laser pulse. (b) Observed at
590 nm at 160 ps after the excitation. Lines in figures are the
calculated curves with the parameters (see text). This figure is
available in colour online at www.interscience.wiley.com/
journal/poc
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constant negative value due to the cycloreversion process
from PT1(c) to PT1(o).


For the analysis of the time profile at 590 nm, we
tentatively assumed the simple reaction scheme that the
excited state of PT1(c) undergoes the deactivation into
the ground state in competition with the cycloreversion
reaction leading to the PT1(o) production as shown in
Scheme 2, where the reaction yield of the cycloreversion
reaction,Fo, is represented as ko/(knþ ko). Here, kn and ko
are respectively the rate constant of the deactivation into
the ground state and that of the cycloreversion reaction. In
the analysis, 1 /(knþ ko), was set to the decay time
constant of the positive absorption signals of 15 ps. Solid
lines in Fig. 3(b) are the curves calculated with various
Fo values. This figure indicates that the experimental
result is well reproduced with Fo¼ 70% although the
quantum yield of the PT1(c) to PT1(o) in PMMA solid
film was obtained to be less than 1% under steady-state
irradiation.


In order to elucidate the increase of the apparent
reaction yield, the dependence of the apparent reaction
yield on the picosecond 532 nm laser light was
investigated. Fig. 4(a) shows the result at 20 ps after
the excitation. The transient absorbance at 880 nm, due to
the excited state of the closed-form, increased consist-
ently with increasing excitation intensity in the region of
low excitation intensity up to ca. 0.5mJ/mm2. Although
the data points are rather scattered and may be less
reliable compared to those in solution phase,23 further
increase in the excitation intensity led to the slight
decrease of the transient absorbance or almost constant.
On the other hand, the bleaching signal monitored at
590 nm monotonously increased with increasing exci-
tation intensity. This result clearly indicates that the
decrease of the excited state in high excitation intensity
was not attributable to the deactivation into the ground
state.


Actually at 160 ps when the cycloreversion reaction
was completely finished, the increase in the reaction yield
with increasing excitation intensity was confirmed as
shown in Fig. 4(b). In this figure, the ordinate is given as
the conversion efficiency defined as –DA590 nm(160 ps)/
A590 nm. Here, DA590 nm(160 ps) and A590 nm are the
transient absorbance monitored at 160 ps after the
excitation and the ground state absorbance at 590 nm,
respectively. The slope of Fig. 4(b), 1.8–2.0, shows that

Copyright # 2007 John Wiley & Sons, Ltd.

the cycloreversion reaction is quadratically in proportion
with the incident laser intensity in the region where the
excitation intensity is not very high and indicates that
the two-photon absorption process is responsible for the
enhancement of the apparent cyclization reaction.


Usually, two-photon absorption processes are classified
into two cases such as simultaneous absorption and
stepwise absorption. In the former simultaneous absorp-
tion process, the ground state molecule is excited
biphotonically even in the wavelength region where the
molecule has no ground state absorption. The number of
the molecules excited by the simultaneous two-photon
absorption is represented by Eqn 1.


Ne ¼ d � Ng � I2 (1)


Here, d and Ng are two-photon absorption cross-section
and the number of the ground state molecules,
respectively. I is the peak intensity of the excitation
pulse with the dimension of the number of photon divided
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by the unit area size and the unit time. On the other hand,
the latter stepwise two-photon absorption process takes
place in such a manner that the transient species produced
via the first one-photon absorption again absorbs the
second photon resulting in the production of higher
excited states. Since the second photon absorption by the
transient species occurs in competition with the absorp-
tion by the ground state molecule, the number of photons
in a laser pulse is an important factor for this stepwise
two-photon absorption process.


The cross section27 of the simultaneous two-photon
absorption is typically in the order of 10�50 cm4 � s/
photon �molecule. The quantitative calculation with
properties of the excitation laser pulse and the
concentration of the ground state molecule estimates
the number of molecules excited by the simultaneous
two-photon absorption process at ca. 10�9M in the
present excitation condition.28 On the other hand, the
number of the open-form produced by the excitation of
the picosecond laser pulse, as shown in Fig. 4,
was 10�5–10�4M and this number is 104–105 larger
than the estimated value. Hence, we can conclude that the
simultaneous two-photon absorption did not largely
contribute to the enhancement of the apparent reaction
yield.


On the other hand, the decrease in the transient
absorbance of S1 state in rather high excitation intensity in
Fig. 4(a) directly supports the stepwise absorption
process of the excited state. The reaction
of S1þ hn! Sn! open-ring form decreases the popu-
lation of the S1 state in high excitation region, together
with the decrease of the depopulation in the S0 state of
PT1(c). Summarizing above results and discussion, it can
be concluded that the stepwise two-photon process via the
actual intermediate S1 state, rather than the simultaneous
two-photon process, was responsible for the enhancement
of the cycloreversion process of PT1(c) under the
picosecond laser excitation as shown in Scheme 3.


As stated in the Introduction, the drastic enhancement
of the cycloreversion reaction via the stepwise two-

Scheme 3. This figure is available in colour online at
www.interscience.wiley.com/journal/poc
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photon absorption process with the picosecond laser
pulsed excitation, as shown in Scheme 3, was observed in
PT1(c) also in n-hexane solution.23 From the numerical
computer simulation, the cycloreversion reaction yield,
F, at the Sn state in n-hexane solution was estimated at
0.5� 0.1. In order to estimate the cycloreversion reaction
yield also for the present polymer system, we have
applied the same numerical simulation to the results in
Fig. 4. Solid lines in Fig. 4 are the results thus calculated.
The extinction coefficients of the S0 and S1 states of
PT1(c), 11 000 and 6000M�1 cm�1, were set to be the
same as that used in the calculation of the solution phase23


and the time constant of 15 ps for the lifetime of 15 ps was
used for the calculation.


Prior to the discussion on the simulation, it should be
noted that the relaxation from the Sn state in n-hexane
solution included the internal conversion leading to the
specific electronic state, in addition to two deactivation
pathways of the Sn state (cycloreversion reaction and the
internal conversion to the S1 state). The energy level of
this specific electronic state, as indicated as S1’ hereafter,
was estimated to be close to the S1 state and the higher
excited state produced by the absorption of S1’ state did
not undergo the effective cycloreversion reaction.23 This
S1’ state is optically forbidden state from the S0 state,
while S1 state can be produced via optically allowed
absorption from the S0 state. The dotted line in Fig. 4(b) is
the result calculated without taking into account the
contribution of this S1’ state, while the solid line shows the
result with this contribution. The experimental result in
Fig. 4(b) is well reproduced by both calculated curves
with Fn of 0.5 in rather low excitation intensity region,
while large deviation was observed in the curve without
this additional contribution. On the other hand, the solid
line in Fig. 4(b) is the curve calculated with the
contribution of the S1’ state. As clearly shown in this
figure, the experimental results in the entire region of the
excitation intensity are well reproduced by this calculated
curve. The iterative simulation estimated the reaction
yield in the higher excited state was estimated at
0.5� 0.1.


The same numerical calculation was applied also to the
analysis of the experimental results at 20 ps after the
excitation (Fig. 4(a)). Although the experimental results
are scattered, the calculated curves with the same
parameters reproduce the experimental results. Summar-
izing above results and discussion, it can be concluded
that the dynamic behaviors and the cycloreversion
reaction yield of PT1(c) are almost the same with those
in n-hexane solution.


For more direct confirmation of the two-photon gated
reaction by picosecond pulsed excitation, we have
investigated the difference of the cycloreversion reaction
depending on the mode of the excitation. Fig. 5 shows the
photographs of PT1 in the PMMA solid film. By the
steady-state UV light irradiation though a photo-mask
with ca. 0.1mm diameter, the cyclization reaction took
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Figure 5. Photographs of PT1 in PMMA solid polymer films before and after the visible light irradiation. Blue spots in (a) were
positions initially irradiated by the UV light leading to the formation of PT1(c). Area (1) in (b) was not irradiated by the visible light
(reference area). Area (2) was irradiated with one picosecond laser pulse at 532 nm with an intensity of 6.1mJ/mm2. Area (3)
was irradiated with a steady-state 532 nm light with an intensity of 0.04mW for 3 min (9.2mJ/mm2). (See text). This figure is
available in colour online at www.interscience.wiley.com/journal/poc
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place at nine colored spots in Fig. 5(a). The top three spots
in Fig. 5(b) were reference marks, which were not
irradiated with steady-state light or picosecond laser pulse
at 532 nm. The one-pulse excitation with picosecond laser
pulse with the intensity of 6.4mJ/mm2 completely
diminished the color of the irradiated area of each spot
as shown in the middle three spots in Fig. 5(b). On the
other hand, the bottom three spots were irradiated with
steady-state light at 532 nm with 0.04mW for 3 min. The
total photon energy for these spots was 9.2mJ/mm2. As
clearly shown in this figure, the color of each spot was
almost the same with the reference spots, indicating that
the picosecond pulsed excitation actually demonstrated
the effective cycloreversion reaction.


Finally, it is worth noting here that the excitation
intensity of 6mJ/mm2 corresponds to 6 nJ/mm2. In the
actual application of the two-photon gated reaction in the
memory media, it is not necessary to apply such large
energy as mJ/mm2. We anticipate the present method can
be utilized for the construction of the photochromic
memory system that can achieve the non-destructive
read-out capability and the photo-erasablity at the same
time.
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APPENDIX


The output of 1mJ/mm2 of the picosecond laser pulse
at 532 nm with 15 ps fwhm corresponds to I of 1.79�
1028 photons/(cm2 s). The value of Ng is 6.02� 1016


molecules/cm3 for 1� 10�4 M concentration. By using
the typical value of the two-photon absorption cross-
section (ref. 27), 10�50 cm4 s/(photon molecule), the
number of the excited state produced by the above I value
is estimated to be 2.87� 1012 molecules/cm3 or
4.78� 10�9M.
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of the fluorescent dye N,N’-di-n-octadecylrhodamine advantage its
us micellar solution of colloidal surfactants. Two long hydrocarbon


tails of the dye provide similar orientation of both cation and zwitterion on the micelle/water interface, with the
ionizing group COOH exposed to the Stern region in all the systems studied. Further, the charge type of the acid–base
couple, AþB�, ensures similar values of the ‘intrinsic’ contribution, pKi


a, to the ‘apparent’ pKa
a value in micelles of


different surfactants. This makes the indicator suitable for determination of electrical surface potentials, C. The
pKa


a s have been obtained in cationic, anionic, zwitterionic, and nonionic surfactant systems, at various salt back-
ground. In total 17 systems were studied. At bulk counterion concentration of ca. 0.05M, the pKa


a values vary from
2.14� 0.07 in n�C18H37NðCH3Þ


þ
3 Cl


� micelles to 5.48� 0.06 in n�C16H33OSO
�
3 Na


þ micelles. The C values,
corresponding to the Stern region of micelles, have been evaluated as C¼ 59:16 ðpKi


a � pKa
aÞ for T¼ 298.15K. The


pKi
a parameter was equated to the average value of 4.23 in nonionic surfactants (4.12–4.32, depending on the


surfactant type). For cetyltrimethylammonium bromide and sodium n-dodecylsulfate micelles, the C values
(�(7–11)mV) appeared to beþ118mVand at bulk Br� concentration 0.019M and�76mVat bulk Naþ concentration
0.020M, respectively. This satisfactorily agrees with the theoretical values þ111 and �84mV, estimated using the
Oshima, Healy, and White equation for these well-defined colloidal systems. Finally, not only absorption, but also
fluorescence spectra display the same response to changes in bulk pH. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/v20.html

KEYWORDS: surfactant micelles; N,N’-di-n-octadecylrhodamine; vis absorption; fluorescence; apparent ionization


constant; electrical surface potential

INTRODUCTION


The aim of this study is to involve the fluorescent dye
N,N’-di-n-octadecylrhodamine into the set of presently
used lipophilic interfacial acid–base indicators, to apply
this substance to C determinations, and to compare the
results with the data obtained with common indicators.


The interfacial reactivity and photophysics of different
substances is often connected with the problem of
interfacial acidity.1 The latter term can be understood
both as interfacial pH values and as acid–base properties
of substances located on the surface. The simplest, though
somewhat reduced models of interfacial regions as media
for protolytic conversions are the surfaces of surfactant
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l University, 61077 Kharkov, Ukraine.
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micelles. A touchstone for understanding the problem is
the study of the behavior of acid–base indicators,
including fluorescing dyes.1c–g,2


The key characteristic of the acid–base indicator
couple completely bound by a micelle (Chart 1) is
the so-called ‘apparent’ ionization constant, Ka


a , of the
acid–base indicator HR (pKa


a � � logKa
a):


1c,d,2a-d


pKa
a ¼ pKw


a þ log
gR
gHR


� CF


RT ln 10


¼ pK i
a �


CF


RT ln 10
(1)


Here Kw
a is the ionization constant in water, K i


a is the
so-called ‘intrinsic’ ionization constant, g are the activity
coefficients of transfer of corresponding species from
water to micellar pseudophase, C is the electrical
surface potential (as a rule, regarded as the potential of

J. Phys. Org. Chem. 2007; 20: 332–344







Chart 1. A schematic picture of micelle/water interface with an embedded indicator dye (cationic surfactant micelle is chosen
as an example)


FLUORESCENT DYE N,N’-DI-n-OCTADECYLRHODAMINE 333

Stern layer), F is the Faraday constant, R is the gas
constant, T is the absolute temperature. The common
electrostatic model of acid–base indicators ionization
in micelles, based on Eqn (1), is certainly adequate
in outline.


Equation (1) can be derived, assuming that the partition
of all the species i with charge zi between the phases can
be described by Eqn (2):1c,3


ai;m


ai;w
¼ g�1i expð�ziCF


RT
Þ (2)


Here ai are activities, suffixes m and w denote micellar
pseudophase and aqueous (bulk) phase, correspondingly.
TheC value is supposed to be the same for both indicator
species. To a first approximation,C is the electrical potential
of the Stern layer, and the g i values correspond to the
transfer from the infinitely diluted solution in water to the
Stern layer.


Having the C value, it is possible to predict
the difference between the pH value of the bulk
(continuous, aqueous) phase and the interfacial value,
pHm � � log am


Hþ :


pHm ¼ pHþ log gHþ þ
CF


RT ln 10
(3)


However, it must be kept in mind, that the activity
coefficient of transfer of the hydrogen ion from water to
micellar pseudophase, gHþ , is a quantity of extrathermo-
dynamic character. Some authors omit the term log gHþ at
all.1d,2d,i


The pKa
a values of indicators completely bound by


ionic micelles, membranes, etc., may be used to
monitor the electrical potential of the charged
surface, C, if correct evaluation of pKi


a is possible.
1c,d,2,3


And really, from Eqn (1), it can be easily derived:
C ¼ ðRT ln 10=FÞðpKi


a � pKa
aÞ. However, the more num-


ber of indicator dyes are involved into the determination
of C, the stronger discrepancies became evident.1c,d,2–4


The main assumptions of the electrostatic model in its

Copyright # 2007 John Wiley & Sons, Ltd.

simple form are proved to be mostly justified only
approximately and sometimes are even invalid. They are:
(i) the constancy of the pKi


a value of the given indicator in
anymicellar system and (ii) the constancy of the electrical
potential of Stern layerC of the given surface as obtained
by using any indicator. The analysis of data demonstrates
that theC values in a fixed micellar system determined by
using a set of indicator dyes can differ up to
�200mV.3a,c,5


Furthermore, we have demonstrated that the improve-
ments of the model, for example, the methods of pKi


a


estimation, up to now proposed in literature, are rather
arbitrary and open to criticism.3c,5 The validity of the
traditional electrostatic model [Eqn (1)] was tested using
micellar solutions of over 20 colloidal surfactants as
media for protolytic reactions.3c Powerful differentiating
impact of micelles, caused first of all by themiscellaneous
character of any micellar surface, seems to be the main
hindrance to exact evaluations of the interfacial electrical
potential of micelles by means of acid–base indicators.3a,c


(In this context, the term ‘differentiating’ reflects
non-equivalent changes in pKa of an indicator on going
from water to micelles.) Different character of location of
indicator species in various micelle/water interfaces can
contribute to the pKi


a alteration.
2c,h,3c–e


Recently we revealed that the well-known fluorescent
dye rhodamine B possesses some advantages as an
acid–base probe ðHRþ  ! R� þ HþÞ.6 Namely, the
orientation of both cationic and neutral (zwitterionic)
species on the micelle/water interface seems to be
similar in micelles of anionic and nonionic surfactants.
Besides, the charge type of acid–base couple of this
indicator, AþB� (in terms proposed by Kolthoff7), favors
relative constancy of pKi


a in micelles of different
surfactants. Hence, the indicators of such type seem to
be rather promising as tools for C determination.


However, in solutions of cationic surfactants, contrary
to the case of anionic or even nonionic ones, the binding
of rhodamine B species to the micelles is far from being
complete.
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In this paper, we report the results of examination of
another rhodamine dye, N,N’-di-n-octadecylrhodamine,
or DODR, (1) in form of HRþCl�, which is tightly
embedded in the micelles due to its long hydrophobic
tails:

O


COOH


NN


HH


C18H37H37C18


+


O NN


HH


C18H37H37C18


COO


+
_


_ H+


1 (HR+)                                                               1 (R ± )

For such a strongly hydrophobic cationic dye, it is
possible to determine the pKa


a value even in cationic
micelles. Moreover, the existence of two long hydro-
carbon chains allows expecting the position of the probe
on the surface of any ionic micelle as shown in Chart 2.
The real picture can be considered as an equilibrium
mixture of these two limiting positions (with unknown
weight), presented in Chart 2, or, more realistic, as
something average between them. In fact, the charge type
of the acid–base couple in this case is also AþB�.


Rhodamine B and its derivatives and analogs are
extensively used in biochemical and biomedical studies,8


for instance, for site-selective labeling of a cysteine side
chain of a muscle protein, 8b for bioconjugation with
20(30)-O-[N-(2-aminoethy)-carbamoyl]ATP,8c as a mito-
chondrial probe for measurement and monitoring of
mitochondrial membrane potential in drug-sensitive and
drug-resistant cells,8d and for many other purposes.8a The
behavior of several hydrophobic rhodamines, especially
their photophysical properties, in various environments
are quantitatively studied by many authors. Namely,
nanosized dispersions 9 such as surfactant micelles 9a–c


and silica hydrosols,9d water/air and water/hydrocarbon
interfaces,1b,10 as well as supramolecular systems11 such
as Langmuir–Blodgett films,11a–b functionalized cyclo-
dextrines,11c and dendrimers11d have been examined as
media for rhodamine dyes. Now we report the pKa


a values
of dye 1 in micellar solutions of different type of

Chart 2. Possible positions of DODR on micelle/water interface (i
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surfactants and demonstrate the possibility of C


estimation.
Basing on the visible spectra (Fig. 1), we attribute the


ionization constant to the conversion of the cation into the
zwitterion. And really, formation of colorless lactone R8

in such water-rich systems as direct micelles of
surfactants are, is less probable.6,12 Of course, relatively
weak resolution of the bands of HRþ and R species
requires very careful determination of the pKa


a s, but
the results appeared to be quite reproducible. Besides,
the situation is somewhat similar2d–f in the case of
the standard coumarin indicators used for the same
purpose.

EXPERIMENTAL


Chemicals


The dye was synthesized by condensation of
3,6-dichlorofluorane with n-octadecylamine, as described
in literature.13 The sample was purified by column
chromatography and characterized by 1H NMR and
elemental analysis. The purity was also confirmed using
TLC (Silufol plates). The following surfactants samples
were purchased from Sigma: cetyltrimethylammonium
bromide, CTAB (purity 99%), sodium n-dodecylsulfate,
SDS (99%), N-cetyl-N,N-dimethylammonium propane
sulfonate (CDAPS), and nonionic surfactants Brij 35,
Triton-X 100, and TWEEN 80. The samples of
n-octadecyltrimethylammonium chloride, OTAC (Fluka,
>98%) and sodium cetylsulfate, SCS (Shostka plant of
chemicals, Ukraine) were kindly put to our disposal by

n this schematic picture, two limiting positions are depicted)
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Figure 1. Visible absorption spectra of neutral (1), and cationic (2) DODR species; (a): in 88 mass % aqueous ethanol, 0.01 M
NaOH, and 0.063 M HCl, correspondingly; (b): in CDAPS micellar solution (0.001 M), pH¼ 9.2 (borate buffer solution), and
0.063 M HCl, correspondingly
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Professor S. N. Shtykov (Saratov State University,
Russia). All the surfactants were used without further
purification. Organic solvents were purified according to
conventional procedures. Hydrochloric, acetic, and
phosphoric acids, borax, potassium chloride, and sodium
bromide were analytical-grade reagents; sodium chloride
was additionally purified by re-crystallization. The
standard sodium hydroxide solution, used for preparation
of buffer mixtures, was obtained from saturated
carbonate-free NaOH solution using CO2-free water
and kept protected from the atmosphere.

Procedure


Absorption spectra of the dye solutions were measured
using SF-46 apparatus (Russia), against solvent blanks.
pH determinations were performed at 298.15, 303.15, and
323.15K (�0.10K) with a P 37-1 potentiometer and
pH-121 pH-meter equipped with ESL-63-07 glass
electrode and an Ag/AgCl reference electrode in a cell
with liquid junction (1M KCl).14 Standard buffers (pH
1.68, 4.01, 6.86, and 9.18) were used for cell calibration at
298.15K; the pH values of these buffer solutions at
303.15 and 323.15K were taken from literature.7 The
fluorescence spectra were determined on Hitachi F 4010
fluorometer. The fluorescence decay was studied on a
nanosecond pulse fluorometer, and then mathematically
treated with the Demas and Adamson phase plane
method.15


The stock solutions of surfactants were prepared by
dissolving weighted amounts of substances in appropriate
amounts of water. The nearly transparent working
solutions were prepared by the volume method, taking
aliquots of stock solutions at corresponding temperatures.
The dye was dissolved in stock surfactant solutions and
diluted together with the surfactant; the stability of stock
dye–surfactant solutions within several days was checked
by their absorption spectra after dilution. In the case of
TWEEN 80, the stock solution of the dye was prepared in
95.6 mass % aqueous ethanol. All spectra were referenced
against solvent blanks containing all components except
dyes. Suitable pH values of solutions were created by HCl

Copyright # 2007 John Wiley & Sons, Ltd.

or HBr (pH� 3.5) and by mixtures of sodium acetate
(0.01M) with acetic acid (pH� 5.8). The theoretically
calculated pH values typically coincided with the
measured values (�0.02 units) both in the presence
and in the absence of surfactants.14 Higher pH values
were obtained using phosphoric acidþNaOH mixtures,
borate buffers, or diluted sodium hydroxide. The required
ionic strength was maintained by additions of NaCl, KCl,
or KBr. Some experiments were performed in HBrþKBr
mixtures (total concentration 0.005M) and in acetate
buffer solutions with 0.005M CH3COONaþ acetic acid,
without NaCl or KBr addition. The sequence of adding
stock solutions did not affect the results.


The pKa
a values were determined spectrophotometri-


cally according to the standard procedure; as a rule, the
dye concentrations were about (1–1.5)� 10�6M. Thus,
the molar ratio surfactant : dye is �103. The following
equation was used for calculations:


pKa
a ¼ pHþ log


AR � A


A� AHRþ
(4)


where A is the absorbance at the current pH at chosen
wavelength and constant dye concentration, and AR and
AHRþ are absorbances under conditions of complete
transformation of the dye into the correspondent form
(R, HRþ).

RESULTS AND DISCUSSION


Determination of apparent ionization
constants


An example of the absorption spectra of the cationic
(acid) and the neutral (basic) forms in 88 mass % aqueous
ethanol and in micellar systems is presented in Fig. 1; a
similar resolution of the bands is observed in all the
systems studied.


The spectra of dye 1 were also examined in aqueous
media, at pH 1.2 (HCl) and 12 (NaOH), with various
contents of ethanol. If the concentrations of alcohol are
low, for example, 2%, the dye precipitates rapidly.14
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Figure 2. The dependence of the DA function of DODR on
pH; 0.01 M SDS solution, 0.3 M NaCl, optical cell 5 cm;
DA¼A535þA540þA545�A510�A515�A520 (the super-
scripts denote the wavelength where the absorbance, A,
is measured)
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The number of working solutions used for each pKa
a


determination was 5–7. Though 11 wavelengths within
the range 500–550 nm where used as analytical positions,
the differences of A at 535–550 nm and 510–520 nm were
utilized for final calculations because the dependence of
such function versus pH is more pronounced. The
‘titration’ curve is typified in Fig. 2. The pKa


a values
were determined with confidence interval �(0.01–0.09).
The results were little temperature-dependent. The data
obtained with two samples of dyes, synthesized
separately within several years, demonstrate satisfactory
reproducibility.


The protonation of nitrogen atom, resulting in
dication H2R


þ formation and strong decrease in the
principle absorption band intensity, is typical for
rhodamine B in water, at pH �1.514 and the absorbance
of HRþ species cannot be measured directly.14 However,
this effect is suppressed in micellar solutions of anionic
surfactants, 3c,5,6 despite the classical Hartley’s rules.
The reason is the specificity of the charge type A2þ Bþ:
the shift of the equilibria H2R


2þ  ! HRþ þ Hþ toward the
right (i.e., the decrease in the corresponding pKa value),
numerously registered in organic solvent and water–
organic mixtures, overcomes the expected stabilization of

Table 1. The pKa
a values of the cation HRþ of DODR (1) in diffe


Surfactant CS, M Salt background,


n-C16H33N(CH3)
þ
3 Br


� 0.05 0.005c


n-C16H33N(CH3)
þ
3 Br


� 0.01 0.05


n-C16H33N(CH3)
þ
3 Br


� 0.01 0.05c


n-C16H33N(CH3)
þ
3 Br


� 0.01 0.40c


n-C18H37N(CH3)
þ
3 Cl


� 0.003 0.05


n-C16H33N(CH3)
þ
3 Br


� 0.01 4.00d


n-C16H33 N
þ(CH3)2(CH2)3 SO


�
3 0.001 0.05


TWEEN 80 0.01 0.05
Triton-X 100 0.01 0.05
Brij 35 0.01 0.05
n-C16H33OSO


�
3 Na


þ 0.01 0.05
n-C12H25OSO


�
3 Na


þ 0.05 0.005h


n-C12H25OSO
�
3 Na


þ 0.01 0.05
n-C12H25OSO


�
3 Na


þ 0.10 0.05k


n-C12H25OSO
�
3 Na


þ 0.01 0.20
n-C12H25OSO


�
3 Na


þ 0.01 0.30
n-C12H25OSO


�
3 Na


þ 0.01 0.40


a Initial ionic strength of the buffer system; maintained by NaCl additives to buf
b From Ref. 6, unless otherwise indicated.
c HBrþKBr.
d KCl.
e From Ref. 16.
f For dye 2: pKa


a¼ 4:29 � 0:02.17
g (�0.05).
h Acetate buffers with constant CH3COONa concentration and varying CH3COO
iAt 0.01M SDS and 0.01M (NaClþ acetate buffer) solution.
j At [Naþw]¼ 0.054M for dye 2pKa


a¼ 5:26� 0:04.17
k The true bulk value of [Naþw] is 0.077M, taking into account the degree of SD
l This value refers to CS¼ 0.01M and [Naþw]¼ 0.077M.
mDetermined in the present study.
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the dication in SDS micelles.5 And really, at least up to
pH¼ 0.5, the absorbance stays constant (Fig. 2). The
more so, further protonation of HRþ species of dye 1 is
hindered in micelles of nonionic and cationic surfactants.


The determined pKa
a values are compiled in Table 1.


The dye molecules are certainly isolated from each other

rent aqueous surfactant solutions


M a T, K


labsmax, nm
(dye 1) pKa


a


HRþ R dye 1 dye 3b


298 533 526 2.24� 0.02 —
298 532 526 2.50� 0.08 —
298 532 526 2.53� 0.04 —
298 533 526 3.32� 0.01 —
303 532 526 2.14� 0.07 —
298 534 526 3.94� 0.09 —
298 531 523 3.60� 0.09 3.58e


298 531 525 4.32� 0.02 4.17f


298 532 524 4.25� 0.02 4.15
298 530 524 4.12� 0.02 4.10
323 534 528 5.48� 0.06 5.49e,g


298 533 529 5.52� 0.07 5.70i


298 532 528 5.21� 0.09 5.32j


298 532 528 5.06� 0.06 5.13l


298 532 528 4.68� 0.01 4.75
298 532 528 4.46� 0.06 4.67m


298 532 528 4.41� 0.05 4.50


fer mixtures or HCl solutions, unless otherwise indicated.


H concentrations.


S dissociation in micelles.
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in micelles because under experimental conditions the
number of micelles is (10–100)-fold or even more higher
than that of dye molecules. The stability of solutions
confirms the complete binding of the dye to micelles; in
pure water, the dye is insoluble (see above).


The pKa
a values of rhodamine 19 (2) and rhodamine B


(3) in micellar solutions of nonionic, zwitterionic, and
anionic surfactants agree well with those for dye 1; in the
mentioned systems, the completeness of binding of the
species HRþ and R of dyes 2 and 3 by micelles was
proved by special experiments.6

+


O


COOH


NN


HH


C2H5H5C2


H3C CH3
+


O


COOH


N CN 2H5H5C2


C2H5 C2H5


 2 (HR+)                                                                     3 (HR+)

The data presented in Table 1 demonstrate an adequate
response of the pKa


a values of dye 1 to the charge and C


sign of the micellar surface as well as to the bulk
counterion concentration. Salt effects in SDS micellar
solutions, that is, variations in pKa


a of probe 1 caused by
addition of supporting electrolyte (NaCl), are similar to
those for rhodamine B (3). For the last-named the linear
plot {pKa


a¼ ð4:21� 0:07Þ � ð0:83� 0:09Þlog½Naþw � } is
valid with regression coefficient 0.998.6 The slopes of
such dependences for five different indicators vary from
0.73 to 0.92.3b The data for DODR in SDS systems
(Table 1) result in following equation:


pKa
a ¼ ð4:05� 0:04Þ � ð0:89� 0:05Þ log½Naþw �


ðr ¼ �0:997; n ¼ 6Þ
(5)


If the (hypothetical) pKw
a value of water-insoluble dye


1 is equated to that of soluble analogs 2 and 3, then the
‘medium effects’, that is, DpKa


a ¼ pKa
a � pKw


a , can be
found. The thermodynamic pKw


a value of dye 3 is equal to
3.22.6 The value of 3.34� 0.04 was determined by us for
dye 2 at ionic strength 0.05M (HClþNaCl); the
thermodynamic value is 3.26. The mean value for dyes
2 and 3 is 3.24. Hence, in 0.01M CTAB, 0.01 Brij 35, and
0.01M SDS solutions, at initial ionic strength of buffers
0.05M, DpKa


a¼� 0:71, þ0.99, and þ1.97, correspond-
ingly. In 0.05M CTAB and SDS solutions, with 0.005M
initial ionic strength of buffers, DpKa


a¼� 1:00 and
þ2.28, correspondingly. Thus, these values reflect the
acidity alterations of the COOH group of the indicator in
different micellar systems.


Our DpKa
a s in surfactant micellar solutions appeared to


be lower than those of other carboxylic acids available in
literature.18 For 4-octadecyloxy-1-naphthoic acid in

Copyright # 2007 John Wiley & Sons, Ltd.

0.05M CTAB, C12E8 (or Brij 35) and SDS solutions,
the DpKa


a values equal 0.15, 2.6, and 4.05, correspon-
dingly,18a while for lauric acid in 0.17M n-dodecyl
trimethylammonium chloride (bromide), C12E8, and
SDS, the values are respectively 0.1 (0.9), 1.8, and 2.8.
18b Hence, all the values are 0.8–2.1 units higher than
corresponding ours (see above). As the ionizing group of
these acids and that of the dye 1 is the same (carboxylic),
this confirms the idea of smaller medium effect for the
acid–base couple of AþB� charge type as compared with
that of A8B�.

The cited literature data have been obtained at low and
somewhat indefinite bulk ionic strengths. For precise
comparison of the data obtained in ionic surfactant
systems at different bulk ionic strength, the exact values
of bulk counterion concentrations must be calculated. For
instance, in anionic surfactant solutions, for the equi-
librium [Naþw] value Eqn (6) is valid: 1f,2f,3,5,6


½Naþw � ¼ CNaþ þ cmcþ aðCs � cmcÞ (6)


where CNaþ is the total initial sodium ions concentration
in the bufferþNaCl system, a is the degree of counterion
dissociation in micelles,2f,3,5,6,19 and cmc is the critical
micelle concentration at the given salt background. The
cmc values were taken from literature, and in some
cases iterative procedure was used to refine these
quantities for the given salt background.14 Analogously,
the [Br�w] concentration in CTAB solutions can be
calculated.


For re-calculation of the pKa
a values, determined at one


[Br�w] or [Na
þ
w] value, to another bulk concentrations of


counterions, the slopes @pKa
a=@log½Br


�
w � ¼ þ0:83


3c and
@pKa


a=@log½Na
þ
w � ¼ � 0:83 can be used. The latter is the


mean value from those for decyl eosin, lipoid coumarin,
methyl yellow, hexamethoxy red, quinaldine red, 3b and
rhodamine B.6

Determination of electrical surface potential
with DODR


Let us consider the results ofC determination of versatile
micellar interfaces by applying dye 1 and using the
relation C¼ 59.16 (pKi


a � pKa
a ) for 298.15K [derived


from Eqn (1)]. Today, at least seven approaches for pKi
a
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estimation are known. Namely, pKi
a was equated to: (1)


pKa
a of the given indicator in nonionic micelles with


oxyethylene hydrophilic portion;1c,d,2d–g,3a,b (2) pKa
a of


the given acid in nonionic micelles with maltoside
hydrophilic portion;20 (3) pKa � log gHþ , where the
ionization constant is determined in a chosen water–
organic mixture, and gHþ is the activity coefficient of
proton transfer from water to this mixed solvent;2d,4a–c (4)
pKw


a , that is, pKa in water;2c (5) pKw
a , by applying


simultaneously two indicators;2d,21 (6) pKa
a in the given


ionic micelles, but with extremely high (4–6M) salt
background, strongly screening the interfacial charge;4a


(7) pKa
a of the given indicator in micelles of zwitterionic


surfactant, for example, CDAPS.3c,5 A method, based on
utilization of a hydrophobic ‘bi-functional’ indicator
ðH2R


þ  ! HR ! R�Þ, was also proposed.3c


All these approaches are more or less approximate, and
in several cases their discrepancies became evident.3c,5


For instance, the application of CDAPS as a standard
media for pKi


a estimation leads to agreement between the
C values of cationic surfactant micelles, evaluated by
using a set of six sulfonephthaleins:C¼þ99� 7mV for
the N-cetylpyridinium chloride at bulk Cl� concentration
of 0.053M Cl�,3c while using the pKa


a s of these dyes in
nonionic micelles as pKi


a, theC values vary fromþ113 to
þ179mV. In CDAPS solutions at ionic strength of 0.01M
the value DpKa


a of bromothymol blue is found to be equal
to 0.90, which is close to the value 0.85, obtained by
Mukerjee, Cardinal, and Desai22 in micellar solutions of
another betaine surfactant, C12H25N(CH3)


þ
2 CH2CO


�
2 .


However, such application of CDAPS is unfavorable
just for indicators with long hydrocarbon tails.3c


Screening of the interfacial charge even with 4M of
indifferent electrolyte can be still incomplete.2e,3c,4c


Moreover, the solutions with extremely high salt
concentration, that is, 6M NaBr, became very viscous;4a


on the other hand, some surfactants (SDS,N-cetylpyridinium
chloride) can be salted out from aqueous media.


Equating the pKi
a value of an indicator to pKw


a means
that the gR/gHR ratio is unity. Such assumption is in
general case invalid.


The pKi
a estimation by using water–organic mixtures


for mimicking micellar interfacial regions also has some
disadvantages. For instance, we have demonstrated, 3c,5


that the satisfactory fitting of the model, reported by
several research groups, is reached by using the
old-fashioned gHþ values, while the use of the gHþ


values, calculated by means of the most recognized
tetraphenylborate assumption,23 leads to essentially
different pKi


a values. The C values can differ up to ca.
100mV, depending on the chosen log gHþ values. 3c


Probably, powerful differentiating impact of micellar
pseudophase on protolytic equilibria of dissolved sub-
stances hinders modeling its properties with any water–
organic mixture.


Equating of pKi
a value (in our designations) of myristic


acid to the pKa
a value (‘observed’ value) in sugar-derived
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surfactants was proposed recently.20 It must be noted, that
some results with acid–base indicators in such surfactant
systems have been already published earlier,22,24 and the
possibility of specific interactions between the carboxylic
group and hydrophilic alkylglucoside portion of the
surfactant was supposed.24


The mostly used approach is based on using pKa
a values


in micelles of nonionic oxyethylated surfactants as
pKi


a. However, it must be pointed out, that the pKa
a


values of the given indicator dye in different nonionic
micelles never coincide exactly.3c The pKa


a values of HR
þ


cations of dyes 1 and 3 in micelles of three different
nonionic surfactants (Table 1) are from this viewpoint
rather typical.


Moreover, if cationic indicator dyes are used, then the
Cj j values of SDS micelles thus obtained are unlikely low
(extremely negative).3a,4c This effect was explained by
ion pairing between DS� and dye cation.2f,4a,c Another
explanation is based on (expected) strong difference
between pKi


a in SDS micelles and pKa
a in nonionic ones


for the charge type of acid–base couple AþB0.3 And
really, the micelle/water interface of anionic micelles is
known to be hydrated to much higher degree than those of
nonionic and cationic ones. This fact is proved by the
values of the normalized Reichardt’s polarity parameter,
EN
T ,


3a,c,4a which equals 0.828, 0.687, and 0.693 in SDS,
CTAB, and nonionic surfactant micelles, respectively.3c


Therefore, the decrease in pKa, typical for cationic acids
on going from water to water–organic mixtures,7 must be
less expressed just in SDS dispersions.


As it was shown above, the ‘medium effect’ for DODR
in nonionic micelles is DpKa


a ¼ pKi
a � pKw


a � 1:0, close
to that for hydrophobic coumarins with charge
type A0B�. 2d,e Such a positive and relatively low
change in gR/gHR quantity on transferring of the
acid–base couple from water to micellar pseudophase
is natural for charge type AþB�. In nonionic micelles,
indicators with charge type AþB0 demonstrate sharp
decrease in pKa


a , up to DpKa
a ¼ DpKi


a ¼ �2:1 for the
indicator methyl yellow.3a Therefore, it is reasonable to
expect that the medium effects for dye 1 are small and
therefore more similar in nonionic and ionic micelles than
those for indicators with AþB0 charge type.


Using the average pKa
a value in nonionic micelles,


equal to 4.23, as the pKi
a value in ionic micelles, the C


values can be evaluated (Table 2).
The values þ17 and �11mV demonstrate the strong


screening of surface charge of cationic and anionic
micelles by 4.0M Cl� and 0.4M Naþ, correspondingly,
while the valueC¼þ37mV calculated using the pKa


a of
3.60 in CDAPS micelles may reflect the local electrical
potential near the phenylcarboxylic moiety of the dye 1 in
zwitterionic micelles. Interestingly, Drummond and
Grieser2e also suppose that the hydrophobic indicator
4-hexadecyl-7-hydroxycoumarin does not ‘sense’ the
overall surface potential of micelles of a betaine
surfactant C12H25NH


þ
2 C2H4CO


�
2 , but rather the local
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Table 2. Evaluation of the C values of micelles using the pKa
a values of DODR


Surfactanta
Bulk counterion
concentration, Mb


C, mV obtained
with DODR �(7–11)mV


C, mV calculated
using Eqn (7)


n-C18H37N(CH3)
þ
3 Cl


� 0.053 þ124 —


n-C16H33N(CH3)
þ
3 Br


� 0.019c þ118 þ110
n-C16H33N(CH3)


þ
3 Br


� 0.053 þ102 —


n-C16H33N(CH3)
þ
3 Br


� 0.053c þ100 þ88
n-C16H33N(CH3)


þ
3 Br


� 0.403c þ54 —


n-C16H33N(CH3)
þ
3 Br


� 4.00d þ17 —
n-C16H33N


þ(CH3)2(CH2)3SO
�
3 0.05 þ37 —


n-C16H33OSO
�
3 Na


þ 0.052 �74 —
n-C12H25OSO


�
3 Na


þ 0.020e �76 �84
n-C12H25OSO


�
3 Na


þ 0.054 �58 �66
n-C12H25OSO


�
3 Na


þ 0.077 �49 �61
n-C12H25OSO


�
3 Na


þ 0.203 �27 —
n-C12H25OSO


�
3 Na


þ 0.303 �14 —
n-C12H25OSO


�
3 Na


þ 0.403 �11 —


aThe CS and T values are as indicated in Table 1.
b Created by the buffer system and NaCl; the contribution of surfactant counterions is also taken into account.
c HBrþKBr.
d KCl.
e Sodium acetate, without NaCl addition.
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potential in the vicinity of the ammonium group. The
dipolar character of the hydrophilic portion of betaine
surfactants allowed to explain the behavior of indicator
dyes both in terms of dissociation-field effect22 and of
gradient of the local surface acidity, due to the existence
of local electrostatic potential profiles. 2e

Comparison with the results of theoretical
calculations


The C values for ionic micelles with radius r can be
estimated theoretically from the approximate solution of
nonlinearized Poisson–Boltzmann equation, obtained for
spherical particles by Oshima, Healy, and White,25 using
the a value and the area of the surfactant head group, Si,
for calculation of the surface charge density:


a


Si
� 2""okRT


F
sinhðY=2Þ


� 1þ 2


kr cosh2ðY=4Þ
þ 8 ln coshðY=4Þ½ �
ðkrÞ2 sinh2ðY=2Þ


 !1
2


¼ 0 (7)


where Y¼CF/RT, k�1 is the Debye length,
eo¼ 8.854� 10�12 Fm�1, e¼ 78.5 at T¼ 298.15K. The
iterative procedure easily allows obtaining the Y value.


The calculations demonstrate, however, that the
uncertainty of C values obtained by using Eqn (7) is
caused first of all by uncertainty of a values. It is well
known, that the latter, obtained by using various
experimental values, differ markedly from each

Copyright # 2007 John Wiley & Sons, Ltd.

other.2f,3b,c So, for SDS micelles conductometric esti-
mations lead to a¼ 0.3–0.4,21 or even higher, while pNa
measurements and analysis of salt effects upon cmc
values result in 0.20–0.26.26 The majority of colloidal
systems are not well enough defined and the complete set
of parameters (r, a, and Si) is as a rule unknown for them.
Moreover, micelles are known to become non-spherical
along with increase in supporting electrolyte concen-
tration. This also hinders the use of Eqn (7).


However, even in case if the possibility of exact
calculations is doubtful, Eqn (7) allows to obtain reliable
estimates ofC values. For instance, theC values for SDS
spherical micelles was calculated using the values
r¼ 2.0 nm, Si¼ 0.60 nm2, and a¼ 0.25 as most prob-
able.6


For spherical cetyltrimethylammonium bromide
micelles, the parameters r¼ 2.6 nm,27Si¼ 0.474 nm2,28


and a¼ 0.2719 can be used. Taking into account the
somewhat conventional character of the pKi


a value used
by us, the agreement of the C values obtained using
DODR as indicator with those calculated theoretically
looks satisfactorily (Table 2). Increase in surfactant
concentration, for example, up to 0.1M, makes the
calculations somewhat uncertain because in the presence
of NaCl, micellar shape is known to deviate from ideal
spherical. Also, at high bulk ionic strength, the micelles
become nonspherical, and the formula Eqn (7) cannot be
used.


DODR seems to be a rather promising probe for
determination of interfacial electrical potentials in various
colloidal systems, at least for comparison with results
obtained with other indicators (see below). Even
utilization of the pKa


a value obtained in nonionic micelles
as pKi


a in micelles of ionic surfactant leads in this case to
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reasonable C values for SDS and cetyltrimethylammo-
nium micelles. Two hydrocarbon tails are expected to
penetrate into the micellar core, and this favors the
exposition of the ionizing carboxylic group the micellar
palisade for any probable position of the indicator (Chart
2). If stable ion associates between positively charged
xanthene moiety and anionic surfactants head groups
really exist, they are probably similar for both HRþ


and R�. However, electrostatic association of the COO�


groups with counterions Naþ in the Stern region of
anionic micelles and with the positively charged
tetraalkylammonium headgroups in the case of cationic
surfactant micelles cannot be excluded. In the event that
such associates exist they can be regarded as rather
water-separated than intimate ones. Moreover, the Stern
layer can be regarded even as a molten salt or as a kind of
ionic liquid.3c

Comparison of the C values with those
obtained using other indicators


It seems reasonable also to compare the C values,
determined using DODR, with the results obtained with
other indicators (Tables 3 and 4).


The counterion concentrations were estimated using
Eqn (6). However, the true salt background in the studies
with lipoid coumarins2d–f,18a is probably somewhat
higher, if the components of dilute buffer systems2d or
small HCl, H2SO4, and NaOH additives2e,f,18a used for pH
adjusting2d–f,18a are taken into account.


As a rule, theC values determined with DODR are less
negative in SDS and somewhat less positive in CTAB
systems. The differences in the case of cationic surfactant
system are not so expressed and correspond on the
average to �0.2 pKa


a units. In SDS micellar solutions, the
deviations are much more marked.

Table 3. Comparison of the C values of CTAB micelles, as estim


Indicator, reference CS, M [Br�w],


DODR, this work 0.050 0.01
4-Heptadecyl-7-hydroxycoumarinb 0.050 0.01
4-Undecyl-7-hydroxycoumarine 0.024 0.00
4-Heptadecyl-7-hydroxycoumarinf 0.050 0.01
Reichardt’s betaineg 0.050 0.01
4-Octadecyloxy-1-naphthoic acidc 0.050 0.01
4-Heptadecyl-7-hydroxycoumarini 0.050 0.01


aC¼ 2:3025RT ðpKi
a � pKa


a Þ.
b Ref.18a; 295K; Teric N 9 and C12E8 used for pKi


a determination (¼9.05).
c Calculated by us using the data of Table 1 (Ref.18a).
d Values reported by the authors of Ref.18a.
e Ref.2d; Triton-X 100 used for pKi


a determination (¼8.85).
f Ref.4a.
g Ref.4a; the pKi


a value of 9.60 was used by the authors; if the value of 9.31, obtaine
instead of þ141mV appears.
h Ref.18a; 295K; Brij 35 and C12E8 used for pKi


a determination (mean value: 6.6
i Ref.2e; C12E8 used for pKi


a determination (¼9.04).


Copyright # 2007 John Wiley & Sons, Ltd.

If ion association of COO� group of R� species with
CTAþ cations takes place in the Stern region, this effect
should have result in additional increase in the apparentC
value of CTAB micelles.


The charge type of DODR acid–base couple is like
that in the case of Reichardt’s betaine (AþB�), and
the ionizing group is as in the case of
4-octadecyloxy-1-naphthoic acid (COOH). The value
C¼�76mV, obtained for SDS system using DODR, is
relatively close to the values estimated with these
indicators (Table 4). The values obtained with lipoid
hydroxycoumarins and decyl eosin, indicators with
charge type A0B�, are ca. 50mV lower, while utilization
of hexamethoxy red and methyl yellow, indicators with
charge type AþB0, results in evidently erroneous C


values (ca.�220mV), which are even more negative than
the expected value of a ‘bare’ n-dodecylsulfate micelle
without counterions. 2f,3a


As anionic micelles are much better hydrated than
nonionic ones, the increase in pKa, typical for acid–base
couples of A0B� and AþB� types on going from water to
water–organic mixtures,7 must be less expressed just
in SDS dispersions. Thus, the deviations of the pKi


a values
in SDS micelles from those in nonionic ones results in
overestimation of Cj j values if indicators of AþB0 charge
type are used, and in underestimation of Cj j if probes
with A0B� and AþB� acid–base couples are utilized.


Hence, theC values of SDS micelles can be somewhat
more negative than those determined using the last-named
indicators. In the case of DODR, such values will be still
close to results of theoretical estimates [Eqn (7), Table 2],
and the contradiction with the electrokinetic potential
values 2f,3c will be less marked.


In any case, it is hard to explain the discrepancies
between the C values obtained with DODR and
coumarins (Table 4) using the concept of ion association
of DODR with DS– anions. Contrary to it, the (possible)
association of COO� group of DODR with Naþ in

ated using different indicators


M C, mV a
C, mV, recalculated to


[Br�w]¼ 0.019M


9 þ118 þ118
4 þ117c (þ145)d þ110c (þ138)d
7 þ148 þ127
4 þ139 þ132
4 þ141 þ134
4 þ143 þ136
4 þ151 þ144


d in Ref. 4a in 0.204M C12E8 solution is used, then the valueC¼þ 124mV


5).
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Table 4. Comparison of the C values of SDS micelles, as estimated using different indicators


Indicator, reference CS, M [Naþw], M C, mVa
C, mV, recalculated to


[Naþw]¼ 0.020M


DODR, this work 0.050 0.020 �76 �76
Reichardt’s betaineb 0.050 0.0185 �83 �81
4-Octadecyloxy-1-naphthoic acidc 0.050 0.0185 �85d (�93)e �83d (�91)e
4-Heptadecyl-7-hydroxycoumarinf 0.050 0.0185 �102d (�105)e �100d (�103)e
4-Undecyl-7-hydroxycoumaring 0.024 0.012 �134 �123
4-Heptadecyl-7-dimethylaminocoumarinh 0.024 0.012 �134 �123
n-Decyl eosini 0.020 0.012–0.014 �143 �134
n-Decyl eosini,j 0.010 0.020 �134 �134
4-Heptadecyl-7-hydroxycoumarink 0.020 0.065 �110 �135
4-Heptadecyl-7-hydroxycoumarinl 0.020 0.0185 �144 �142
Hexamethoxy redm 0.020 0.019 �217
Methyl yellowm 0.020 0.019 �230
aC¼ 2:3025RT ðpKi


a � pKa
a Þ.


b Ref.4a; the authors of the cited paper does not consider thisC value as the surface electrostatic potential, taking into account the peculiarities of the indicator
location.4a.
c Ref.18a; 295K; Brij 35 and C12E8 used for pKi


a determination (mean value: 6.65).
d Calculated by us using the data of Table 1 (Ref.18a).
e Values reported by the authors of Ref.18a.
f Ref.18a; 295K; Teric N9 and C12E8 used for pKi


a determination (¼9.05).
g Ref.2d; Triton-X 100 used for pKi


a determination (¼8.85).
h Ref.2d; Triton-X 100 used for pKi


a determination (¼1.25); this is a rare case of coincidence of theC value determined using an indicator with AþB0 charge type
with those obtained using acid–base couples of A0B� type.
i Ref.3b; NaClþ acetate buffer, or without NaCl; TWEEN 80 used for pKi


a determination (¼2.61).
j At bulk Naþ conc. 0.05M, measurements with n-decyl fluorescein3c lead to C values being 10mV less negative, than those obtained with n-decyl eosin.
k Ref.2f; C12E8 used for pKi


a determination (¼9.10).
l Ref.2e; the pKi


a value taken from Ref. 2f.
m Ref.3a; Nonyl phenol 12 used for pKi


a determinations; in this paper, it was underlined that such C values are certainly too negative to be realistic.3a.
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SDS micelles can decrease the pKa
a value, and thus


the estimated C value becomes less negative.
Similar effect can be expected in the case of
4-octadecyloxy-1-naphthoic acid (Table 4). In the
zwitterionic species of Reichardt’s betaine, the effective
negative charge on the phenolate oxygen is also known to
be high (high dipole moment in the ground state).
In the case of coumarin and ethyleosin anions, the
negative charge is strongly delocalized on the conjugated
system. These effects can also contribute to the
differences in C values, obtained with DODR,
4-octadecyloxy-1-naphthoic acid, and Reichardt’s
betaine, on the one hand, and those obtained with lipoid
hydroxycoumarins, on the other.


In any case, the DODR dye can be used also for
monitoring of C alterations, occurring along with
variations in bulk ionic background [Eqn (5)]. The
response of absorption on bulk pH changes can be utilized
in various sensor devices; however, fluorescence is much
more promising for such a purpose. (Figure 3)

526 556 588 625 667
     0


λ/nm


Figure 3. Emission spectra of neutral and cationic N,N’-di-
n-octadecylrhodamine species in micellar solution of CTAB
(0.01 M); 0.01 M NaOH and 0.063 M HCl, correspondingly;
T¼ 298.15

Utilization of emission spectra for pKa
a


determinations


It seems reasonable also to utilize the fluorescent
properties of DODR for acidity monitoring. Figure 4

Copyright # 2007 John Wiley & Sons, Ltd.

demonstrates the resolution of emission spectra of
species HRþ and R.


The lemmax values of HR
þ and R equals 561 and 554 nm,


correspondingly, both in CTAB micellar solution with
0.05M NaCl and in SDS micellar solution with 0.4M
NaCl.


Figures 4 and 5 reflect the response of relative intensity
of emission, Irel, on the variations of bulk pH in two rather
different micellar systems. Quantum yield, w, demon-
strates similar, though less expressed alterations along
with changes in pH. The measurements were made at
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Figure 5. The dependence of fluorescence intensity at
547 nm on pH in micellar solutions of SDS (0.01 M); HCl
or acetate buffer solutions, ionic strength 0.4 M (NaCl);
T¼ 298 K: 1, N,N’-di-n-octadecylrhodamine (1), 547 nm
and 2, rhodamine B (3), 571 nm


_


NON


HH


C18H37H37C18


COOHO


1 (ROH–)


Figure 4. The dependence of N,N’-di-n-octadecylrhodamine
fluorescence intensity at 546 nm on pH in micellar solutions
of CTAB (0.01 M); ionic strength 0.05 M (HClþNCl); T¼
298.15 K; solid line: immediately after preparation; dotted
line: after 14 days
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547–546 nm, where the difference between emission
spectra of HRþ and R are most distinct. The total Irel–pH
curves are reproduced twice in independent series of
experiments.


In cationic surfactant micelles, at high pH values, the
fluorescence intensity decreases in time, and after
keeping for several hours this effect becomes dramatic
(Fig. 4, dotted line). This is caused by well-known
reaction of formation of colorless carbinol, ROH�,
resulting in sp3-hybridization of the central carbon atom
of rhodamine zwitterion.29

Copyright # 2007 John Wiley & Sons, Ltd.

The nucleophilic attack is known to occur very rapidly
for cationic dyes bound by cationic surfactant micelles,
because of high local concentration of HO� ions in the
Stern layer. This effect is well documented for crystal
violet and some other triphenylcarbonium cations.30,31 In
the case of DODR in CTAB micelles, slow ROH–


formation in alkaline region cannot hinder the pKa
a


determinations, which are performed at low and
medium pH.


The pKa
a s calculated using Irel values and thus being


actually the pHs of the inflection points of corresponding
dependences, or pH1/2, are 2.50� 0.06 (CTAB, 0.05M
NaCl) and 4.23� 0.05 (SDS, 0.4M NaCl). The values in
the ground state are 2.50� 0.06 and 4.41� 0.05
(Table 1).


The fluorescence lifetime values, t, of cationic and
zwitterionic forms coincide, and are practically equal in
cationic and anionic surfactant systems. For instance,
under conditions indicated in Fig. 4, they are 3.9� 0.1 ns
in CTAB micelles and 4.0� 0.1 ns in SDS micelles,
correspondingly. Therefore the HRþ and R species emit
preferably before the equilibrium in the excited state is
reached. The excited state values, pKa	


a , can be estimated
by using the Förster–Weller cycle. For the aforesaid
micellar systems pKa	


a ¼ 3:10 and 4.71, correspondingly.
Hence, the pH1/2 value obtained from emission data
(Figs 4 and 5) coincide exactly with pKa


a in the ground
state for cationic surfactant system and is even somewhat
lower in the case of SDS micelles.


However, the mentioned discrepancy is too small to
warrant detailed discussion. An attempt may be made to
explain the slight (0.2 units) but reproducible negative
deviation of pH1/2 from pKa


a in the ground state may in
following way. If the rate constant of the bimolecular
recombination reaction (RþHþ!HRþ) is essentially
smaller than the common diffusion-controlled reactions
of benzoate ions with the proton (k
 1010 s�1M�1)32 for
simple electrostatic reasons, then the zwitterion stronger
contributes the total emission at the chosen analytical
wavelength. However, in the case of rhodamine B (3) in
analogous system (Fig. 5), the pH1/2 (4.60� 0.12)
coincides with the pKa


a in ground state (4.54� 0.03).
Thus, such an explanation can be made only for the
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DODR, which is more tightly fixed in micelles due to long
hydrocarbon chains.


With DODR in SDS micelles, another specific effect
takes place. A slight minimum of intensity is observed
near pH 2.5, which is also repeatedly reproduced.
Additional experiments demonstrated that small altera-
tions of emission band occur at high hydrogen ions
concentrations. The possible reason is the exchange
between Naþ and Hþ counterions in the Stern layer,
which causes some changes in micellar structure and
hydration character and, in turn, in the emission band of
the cation HRþ. Again, in the case of rhodamine B (3) this
(slight) effect does not manifest itself (Fig. 5), probably,
owing to not so tight fixation of this less hydrophobic dye
in the micelles as compared with DODR.


On the whole, the results obtained demonstrate that dye
1, DODR, can be applied for fluorometric estimations of
electrical interfacial potentials in biological systems and
for monitoring the pH values. Especially, such a response
of fluorescence on bulk acidity can be exploited in optical
pH sensors basing on self-assembled aggregates.

CONCLUSIONS


Thepossibility of application ofN,N’-di-n-octadecylrhodamine
(DODR) as an acid–base indicator for micelle/water
interface is demonstrated for four types of surfactants and
various concentrations of supporting electrolyte.


Both cation and zwitterion possess a positively charged
aminoxanthene moiety, which allows eliminating the
(possible) ion association of the cation with surfactant
headgroup in the case of SDS micelles. In the case of
well-defined surfactant micelles, such as SDS and CTAB,
the estimates of the electrical potential of Stern layer
made by using DODR agree with the results of theoretical
calculations. The response to changes in salt background
is adequate from viewpoint of the electrostatic model.


The distinct dependence of fluorescence intensity of
the dye bound to micelles versus pH of the bulk water
ensures the possibility of using DODR as a promising
fluorescent interfacial acid–base indicator.
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ABSTRACT: Anionic chain process mechanism (including reactions (1)–(4)) suggested by the experimental
investigations for the reactions of nucleophile (CH3O�) with perchlorofluoroethanes CF2ClCCl3
(1), CF2ClCCl2F (2), and CF3CCl3 (3) in solution is examined by performing calculations using the B3LYP method
and the SCIPCM (self-consistent isodensity polarizable continuum) model for simulating solution effects. The
SCIPCM-B3LYP calculations indicate that anionic species have large solvation energies and solvation energy values
for different kinds of anions are quite different, which effects changes in DH’s for the reactions in solution.
Competition between anionic hyperconjugation and solvation leads to negative DH values for reactions (2) from 1 and
2 in solution. Reactions (3) and (4) from 1, 2, and 3 in solution are predicted to be exothermic or highly exothermic.
Since the DH values for reactions (1) and (2) from 1 and 2 in solution are negative or small positive values, the
reactions of CH3O� with 1 and 2 in solution proceed via the anionic chain process. For 3 in solution, reactions (1) and
(2) are endothermic while reactions (3) and (4) are exothermic or highly exothermic. The reactions of CH3O� with 3 in
solution may proceed via the anionic chain process. All these conclusions are in agreement with the experimental
indications for reactions of nucleophiles with 1, 2, and 3 in solution. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: perchlorofluoroethanes; nucleophiles; anionic chain process mechanism; chlorophilic attack; anionic


hyperconjugation; solvent effects; DFT B3LYP; SCIPCM model

INTRODUCTION


The spontaneous reactions of sodium thiophenoxide,
aryloxides, and alkoxides with 1,1-difluorotetrachloro-
ethane (1), 1,1,2-trichlorotrifluoroethane (2), and
1,1,1-trichlorotrifluoroethane (3) were reported by Li
et al.,1–5 and the reactions lead to the formation of
NuCF2—CCl2Y (Y¼F, Cl) type of products. The carbon
atoms of the perchlorofluoroethanes are not vulnerable
to direct SN2 type attack by the nucleophiles. The
experimental investigations1–5 suggested that these spon-
taneous reactions proceed via an anionic chain process
with the direct attack of the nucleophiles on the chlorine
atoms as the initiation step. This process was defined as
‘nucleophilic substitution initiated by chlorophilic attack’4


(Scheme 1).
In reactions (1) of Scheme 1 the attack of the


nucleophiles on the chlorine atoms of 1, 2, and 3 results
in carbanions 4, 5, and 6, and in reactions (2) the

to: M.-B. Huang, Graduate University of Chinese
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carbanions become perchlorofluoroethenes. In reactions
(4) of Scheme 1 the NuCF2—CCl2Y (Y¼ F, Cl) products
are formed.


Theoretical explanations (examinations) for the exper-
imentally suggested mechanisms for the reactions of
perchlorofluorethanes with nucleophiles are interesting.
Reactions (1) and (2) of Scheme 1 in the gas phase were
previously studied based on semiempirical MNDO
calculations,6 and the CH3O� anion was chosen as a
model nucleophile. In the previous MNDO study,6 the
authors concluded that the strong HOMO-LUMO
interaction between CH3O� and the perchlorofluor-
oethanes incorporated the attack of CH3O� on one of
the chlorine atoms of 1, 2, and 3, leading to the breaking
of the corresponding C—Cl bond. The MNDO energetic
calculations6 indicated that reactions (1) of CH3O� with
1, 2, and 3 were exothermic and the unlikely chlorophilic
attacks were energetically feasible (in the gas phase).
However, the MNDO calculations6 indicated that anionic
hyperconjugation stabilized the anions 4, 5, and 6 and
made reactions (2) energetically unfeasible (in the gas
phase). Experimentally these spontaneous reactions occur
in solution. Solution effects were not considered in the
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CF2XCCl2    Y 1: X = Cl, Y = Cl;     2: X = Cl, Y = F;    3: X = F, Y = Cl   


CF2XCClY- 4: X = Cl, Y = Cl;     5: X = Cl, Y = F;    6: X = F, Y = Cl


Nu- CF +   2XCCl2           Y CF +  NuCl    2XCClY- (1)           


CF2XCClY- CF2      CClY X +  - (2)


Nu- CF +   2      CClY           NuCF2 CClY- (3)


NuCF2 CClY- CF +   2XCCl2  Y NuCF2 CCl2 CF +  Y 2XCClY- (4)    


Where Nu- = RS-, RO-


Scheme 1
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previous MNDO study.6 The previous MNDO study6 is
considered as a preliminary theoretical work.


In the present work we have studied the reactions
of nucleophiles with perchlorofluoroethanes 1, 2, and
3 using the DFT B3LYP (the Becke’s three-parameter
hybrid function7 with the nonlocal correlation of
Lee–Yang–Parr8) calculation method and the SCIPCM
(self-consistent isodensity polarizable continuum)
model9 of the SCRF (self-consistent reaction field)
theory to simulate solution effects. We have
chosen CH3O� as a model nucleophile. The main
purpose of the present work is to explain (examine) the
experimentally suggested anionic chain process mech-
anism (Scheme 1) for the reactions of nucleophiles with
perchlorofluorethanes in solution on the basis of the
SCIPCM-B3LYP calculations. We note that for the
reaction of 3 with thiophenoxide, the experiments3 also
indicated another reaction pathway, which will also be
examined.

COMPUTATIONAL METHODS


All the calculations were carried out using the Gaussian
03W suite of programs.10 A 6-31þG(d) basis was used.


We considered two solvents: DiEthylEther and
DiMethylSulfoxide, which are denoted as s-DEE
and s-DMS and have dielectric constant values of 4.335
and 46.7, respectively. S-DMS is a polar solvent used in the
experiments,1,3 and s-DEE is a nonpolar solvent similar to
diglyme used in the experiments.1,3 In the SCIPCM model
we used an isodensity value of 0.0004, which was
recommended by Wiberg and Rablen.11


For all the reactants and products of reactions (1)–(4) of
Scheme 1 (NuS——CH3O�) from perchlorofluoroethanes
1, 2, and 3, we performed the gas-B3LYP (in the gas
phase) and SCIPCM-B3LYP (in the two solvents)
geometry optimization and frequency analysis calcu-
lations. For the species 2, 4, and 5 we determined their
most stable conformers in the gas phase and in the two
solvents. Our calculations indicate that for each of the

Copyright # 2007 John Wiley & Sons, Ltd.

three species the most stable conformations in the gas
phase and in the s-DEE and s-DMS solvents are the same,
and we report only the most stable conformers of 2, 4, and
5. In the rest part (text, Tables, and Figure) of the present
paper, ‘2’ means ‘the most stable conformer of 2’ (the
same for 4 and 5). Atom labelings used in 1, 2, 3, 4, 5, and
6 are given in Fig. 1.


For checking if there exists any transition state (TS) or
intermediate (IM) along the reaction paths, the gas-phase
reaction paths were checked. For obtaining ab initio
electronic structures of 1, 2, and 3, the HF single-point
calculations were performed at the gas-B3LYP optimized
geometries.

RESULTS AND DISCUSSION


Reactant and product species in the solvents


In Table 1 given are the relative energies (solvation
energies) of the reactant and product species in the
s-DEE and s-DMS solvents to the species in the gas
phase. In Fig. 1 given are the optimized structures
of CF2XCCl2Y (1, 2, and 3) and CF2XCClY� (4, 5, and
6). In Table 2 given are the optimized geometries of 1, 2,
and 3 in the gas phase and in the s-DEE and s-DMS
solvents. In Table 3 given are the optimized geometries of
4, 5, and 6 in the gas phase and in the s-DEE and s-DMS
solvents.


As shown in Table 2, the geometries of 1, 2, or 3 in the
two solvents and in the gas phase are very similar. As
shown in Table 3, the geometries of 4, 5, or 6 in the two
solvents and in the gas phase are similar, except that the
C10—C11 bond lengths and the C9C10Cl11 bond angles
in 4 and 5 have somewhat different values in the solvents
and in the gas phase. We will mention the geometries of 4,
5, and 6 again in the subsection ‘Reactions (2)—anionic
hyperconjugation in CF2XCClY�’.


As shown in Table 1, solvation energies of all the
neutral species in the two solvents are negligibly small
(0.5–2.4 kcal/mol), while all the anionic species have very
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Figure 1. Optimized structures of CF2XCCl2Y (1, 2, and 3) and CF2XCClY
� (4, 5, and 6) in the gas phase (optimized values for


the important bond lengths are given in Å)
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large solvation energies. Scheme 1 involves four kinds of
anionic species: Nu� (CH3O�), CF2XCClY�, X�, and
NuCF2—CClY�. In each of the four reaction equations in
Scheme 1, two different kinds of anionic species appear in

Table 1. Relative energies (in kcal/mol) of the reactant and
product species in the four reactions of Scheme 1 in the gas
phasea and in the s-DEE and s-DMS solventsb,c


Gas S-DEE S-DMS


CH3O� 0.0 (�115.11153)d �45.2e �58.4e


CF2ClCCl�2 (4)f 0.0 (�1656.53455) �36.1 �47.6
CF2ClCClF� (5)f 0.0 (�1296.17576) �36.8 �48.5
CF3CCl�2 (6) 0.0 (�1296.17136) �32.0 �41.2
Cl� 0.0 (�460.27473) �43.2 �55.4
F� 0.0 (�99.85970) �55.2 �70.6
CH3OCF2CCl�2 0.0 (�1311.44408) �33.7 �44.1
CH3OCF2CClF� 0.0 (�951.08510) �35.8 �46.8
CH3OCl 0.0 (�575.26336) �1.4 �2.1
CF2ClCCl3 (1) 0.0 (�2116.66299) �0.5 �0.8
CF2ClCCl2F (2)f 0.0 (�1756.31999) �0.5 �0.7
CF3CCl3 (3) 0.0 (�1756.32570) �0.5 �0.7
CF2


——CCl2 0.0 (�1196.25014) �0.6 �0.9
CF2


——CClF 0.0 (�835.89195) �0.7 �1.0
CH3OCF2CCl3 0.0 (�1771.61362) �1.6 �2.4
CH3OCF2CCl2F 0.0 (�1411.27013) �1.6 �2.4


a Gas-B3LYP calculations were performed for the species in the gas phase.
b SCIPCM-B3LYP calculations were performed for the species in the two
solvents.
c s-DEE¼DiEthylEther (e¼ 4.335) and s-DMS¼DiMethylSulfoxide
(e¼ 46.7).
d Values in parentheses are total energies in a.u.
e Relative energy values listed in the third and fourth columns are just the
solvation energies in the two solvents.
f The most stable conformer.


Copyright # 2007 John Wiley & Sons, Ltd.

the two sides. It is noted in Table 1 that in each of the two
solvents different kinds of anionic species may have quite
different (large) solvation energy values, which will lead
to the fact that the DH values (and the signs of the values)
for the reactions in solution may be quite different from
those in the gas phase.


In Table 4 given are the DH values for reactions (1)–(4)
of Scheme 1 from 1, 2, and 3 in the gas phase and in the
s-DEE and s-DMS solvents. It is noted that the calculated
DH values for each of the reactions of Scheme 1 from 1, 2,
or 3 in the nonpolar s-DEE solvent and in the polar s-DMS
solvent are quite similar and have the same signs. The last
row of Table 4 shows information obtained in the
gas-phase reaction path calculations, and it tells that there
are intermediates along the paths of reactions (1) from 1,
2, and 3 and the path of reaction (4) from 3 and that no
transition states (no barriers) exist for all the reactions
(reactions (1)–(4) from 1, 2, and 3).

Reactions (1)—the chlorophilic
attacks of CH3O


S


The chlorophilic attack involved in reactions (1) was
previously explained by the reasoning of the HOMO-
LUMO interaction between CH3O� and perchlorofluor-
oethanes (1, 2, and 3) based on the MNDO electronic
structures.6 In ab initio HF (//gas-B3LYP) electronic
structures of CH3O� and of 1, 2, and 3, we have found:
(i) the negative LUMO energy values of 1, 2, and 3 are
close to the HOMO energy value of CH3O�; (ii) the HF
charge values on all the chlorine atoms in 1, 2, and 3 are
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Table 2. Optimized geometries of CF2XCCl2Y (1, 2, and 3) in the gas phasea and in the s-DEE and s-DMS solventsb,c (bond
lengths, bond angles, and dihedral angles are denoted as R, A, and D, and given in Å, degrees, and degrees, respectively; for
notations, refer to Fig. 1)


Parameter Gas S-DEE S-DMS


1: CF2ClCCl3 (X¼Cl, Y¼Cl) R(Cl6–C9) 1.794 1.794 1.794
R(Cl7–C9) 1.787 1.787 1.786
R(C9–C10) 1.577 1.576 1.576
R(C10–Cl11) 1.779 1.777 1.777
R(C10–F13) 1.347 1.349 1.349
A(Cl6C9C10) 107.7 107.6 107.6
A(Cl7C9C10) 109.5 109.5 109.5
A(Cl11C10C9) 113.5 113.6 113.6
A(F13C10C9) 109.0 109.0 109.0
D(F13C10C9Cl6) �58.7 �58.6 �58.6
D(Cl7C9C10Cl11) �60.7 �60.7 �60.7


2: CF2ClCCl2Fd (X¼Cl, Y¼F) R(Cl6–C9) 1.784 1.784 1.784
R(Cl7–C9) 1.779 1.778 1.778
R(F8–C9) 1.355 1.356 1.357
R(C9–C10) 1.570 1.570 1.570
R(C10–Cl11) 1.777 1.776 1.776
R(C10–F12) 1.348 1.349 1.349
R(C10–F13) 1.346 1.347 1.347
A(Cl6C9C10) 109.4 109.4 109.4
A(Cl7C9C10) 111.2 111.3 111.3
A(F8C9C10) 107.6 107.5 107.4
A(Cl11C10C9) 112.3 112.4 112.5
A(F12C10C9) 108.5 108.4 108.4
A(F13C10C9) 109.6 109.6 109.5
D(F13C10C9Cl6) �62.2 �61.8 �61.9
D(Cl7C9C10Cl11) �61.2 �60.9 �61.0


3: CF3CCl3 (X¼ F, Y¼Cl) R(Cl6–C9) 1.788 1.788 1.788
R(C9–C10) 1.567 1.566 1.566
R(C10–F11) 1.342 1.342 1.342
A(Cl6C9C10) 108.6 108.5 108.5
A(C9C10F11) 110.6 110.6 110.7
D(Cl6C9C10F13) �60.0 �60.0 �60.0


a,b,c,dRefer to footnotes a, b, c, and f of Table 1, respectively.
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small negative values or positive values (the B3LYP
charge values are all positive); and (iii) the LUMOs of 1,
2, and 3 have very small amplitudes on the fluorine atoms,
but have important amplitudes on all (for 3) or some (for
1 and 2) chlorine atoms. These three points are just those
found in the MNDO electronic structures,6 and the
present calculations support the previous explanations6


for the chlorophilic attacks. As shown in Table 4, the
present calculations predict negative DH values for
reactions (1) of 1 and 2 in the gas phase and a small
positive DH value (within the accuracy of calculation) for
reaction (1) of 3 in the gas phase.


Now we see in Table 4 how solvation energy affects the
DH value of reaction (1) in solution. For reaction (1) of 1,
the large negative DH value in the gas phase becomes
small negative DH values in the solvents; for reaction (1)
of 2, the small negative DH value in the gas phase
becomes small positive DH values in the solvents; and for
reaction (1) of 3, the small positive DH value in the gas
phase becomes large positive DH values in the solvents.
The reason for these changes is that the solvation energies

Copyright # 2007 John Wiley & Sons, Ltd.

of the CH3O� anion are significantly larger than those of
the CF2XCClY� anions 4, 5, and 6.

Reactions (2)—anionic hyperconjugation
in CF2XCClY


S


In our previous study,6 the reactant anions CF2XCClY�


(4, 5, and 6) of reactions (2) were considered as
hyperconjugative anions,12–14 analogous to CF3—CF�


2 .
The geometric and energetic features of anionic
hyperconjugation in 4, 5, and 6 in the gas phase were
discussed on the basis of the MNDO calculations, and
the calculated positive DH values for reactions (2) were
the predicted hyperconjugative stabilization energy
values.


In the gas-B3LYP geometries of 4, 5, and 6, we note:
(i) the local geometries at the C9 center are nonplanar (see
the XC9C10Cl11and XC9C10F11dihedral angle values
in the gas phase in Table 3); (ii) the C—C bonds are
(significantly) shorter than those in 1, 2, and 3,
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Table 3. Optimized geometries of CF2XCClY
� (4, 5, and 6) in the gas phasea and in the s-DEE and s-DMS solventsb,c (bond


lengths, bond angles, and dihedral angles are denoted as R, A, and D, and given in Å, degrees, and degrees, respectively; for
notations, refer to Fig. 1)


Parameter Gas S-DEE S-DMS


4: CF2ClCCl�d
2 (X¼Cl, Y¼Cl) R(Cl7–C9) 1.735 1.733 1.732


R(C9–C10) 1.337 1.333 1.332
R(C10–F13) 1.320 1.320 1.322
R(C10–Cl11) 3.053 3.360 3.459
A(Cl7C9C10) 121.3 121.2 121.2
A(C9C10F13) 123.3 123.9 124.1
A(C9C10Cl11) 103.8 104.1 101.0
D(Cl7C9C10Cl11) �87.0 �89.1 �89.2
D(Cl8C9C10Cl11) 87.0 89.1 89.2


5: CF2ClCClF�d (X¼Cl, Y¼ F) R(Cl7–C9) 1.722 1.716 1.715
R(F8–C9) 1.349 1.347 1.347
R(C9–C10) 1.330 1.328 1.327
R(C10–Cl11) 3.158 3.325 3.439
R(C10–F12) 1.322 1.323 1.324
R(C10–F13) 1.321 1.322 1.324
A(Cl7C9C10) 124.7 125.0 125.1
A(F8C9C10) 120.6 120.0 119.9
A(C9C10Cl11) 102.8 97.5 95.0
A(F12C10C9) 122.7 123.1 123.4
A(F13C10C9) 123.4 124.0 124.0
D(Cl7C9C10Cl11) �87.1 �89.5 �90.9
D(F8C9C10Cl11) 87.8 87.8 86.9


6: CF3CCl�2 (X¼ F, Y¼Cl) R(Cl7–C9) 1.870 1.866 1.866
R(C9–C10) 1.504 1.502 1.501
R(C10–F11) 1.392 1.392 1.391
R(C10–F12) 1.370 1.369 1.369
A(Cl7C9C10) 105.4 105.3 105.3
A(C9C10F11) 120.6 120.4 120.3
A(C9C10F12) 110.6 110.6 110.6
D(Cl7C9C10F11) �56.2 �56.2 �56.1
D(Cl8C9C10F11) 56.2 56.2 56.1


a,b,c,dRefer to footnotes a, b, c, and f of Table 1, respectively.
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respectively (Fig. 1); and (iii) the C10—Cl11 and
C10—F11 bonds are (significantly) longer than the
respective bonds in 1, 2, and 3 (Fig. 1). These are just the
geometric features12–14 of anionic hyperconjugation in 4,

Table 4. Calculated DH values (in kcal/mol) for reactions (1), (2), (
in the s-DEE, and s-DMS solventsb,c


Reactant Solvent Reaction (1) R


1: CF2ClCCl3 (X¼Cl, Y¼Cl) Gas �14.7
s-DEE �6.4
s-DMS �5.1


2: CF2ClCCl2F (X¼Cl, Y¼F) Gas �4.8
s-DEE 2.6
s-DMS 3.8


3: CF3CCl3 (X¼F, Y¼Cl) Gas 1.6
s-DEE 13.8
s-DMS 17.4


Along reaction pathd No TS, one IM No


a,b,cRefer to footnotes a, b, and c of Table 1, respectively.
dBased on the gas-B3LYP reaction path calculations; TS and IM denote transiti


Copyright # 2007 John Wiley & Sons, Ltd.

5, and 6 in the gas phase presented in the previous paper.6


The positive DH values for reactions (2) in the gas phase,
given in Table 4, are just the B3LYP stabilizing energies
for 4, 5, and 6 in the gas phase (with respect to CF2


——

3), and (4) of Scheme1 from 1, 2, and 3 in the gas phasea and


eaction (2) Reaction (3) Reaction (4)


6.1 �51.7 �25.8
�1.7 �39.6 �29.3
�2.7 �36.5 �30.8
5.7 �51.2 �25.6
�1.4 �41.1 �27.8
�2.3 �38.6 �28.9
38.6 �51.7 �9.5
14.8 �39.6 �9.0
8.3 �36.5 �8.3


TS, no IM No TS, no IM For 1 and 2: no TS,
no IM; for 3: no TS, one IM


on state and intermediate, respectively.
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CClYþX�), representing the energetic feature12–14 of
the hyperconjugative anions. So, the B3LYP calculations
give proper descriptions for anionic hyperconjugation in
4, 5, and 6 in the gas phase.


In the (SCIPCM-B3LYP) geometries of 6 in the two
solvents, we can find the three geometric features of
anionic hyperconjugation. In the (SCIPCM-B3LYP)
geometries of 4 and 5 in the two solvents, we can find
the geometric features (ii) and (iii) of anionic hypercon-
jugation, but the local geometries at the C9 center are
almost planar (probably because the C10—Cl11 bonds
are too long). We should still say that the 4, 5, and 6
anions in solution have the geometric features of anionic
hyperconjugation.


In the gas phase the energetic feature of anionic
hyperconjugation is related to the positive DH value of
reaction (2), which is just the hyperconjugative stabil-
ization energy value. However, in solution the DH values
of reactions (2) are not always positive (Table 4) and they
are not directly related to the stabilization energies (see
the following analyses).


For reactions (2) of 4 and 5 the positive DH values in
the gas phase become small negative DH values in the
solvents, and for reactions (2) of 6 the large positive DH
value in the gas phase becomes a small positive DH value
in the solvents. As shown in Table 1, the solvation
energies of the Cl� and F� anions (as the products of
reactions (2)) are significantly larger than those of 4, 5,
and 6 (as the reactants of reactions (2)). It is realized that
there are two factors affecting theDH value of reaction (2)
in solution: (i) the hyperconjugative stabilization in the
reactant anion, which makes the DH value (algebraic
value) increase and (ii) the superiority of the solvation
energy of the product anion over the reactant anion, which
makes the DH value (algebraic value) decrease. The
positive DH value for reaction (2) of 6 in solution
indicates that factor (i) prevails over factor (ii). The
negative DH values for reactions (2) of 4 and 5 in solution
indicate that factor (ii) prevails over factor (i). The
negative SCIPCM-B3LYP DH values for reactions (2) of
4 and 5 in solution support our previous supposition6


that in solution reactions (2) of 4 and 5 might still easily
occur.

Nu-  +  CF3CCl3    NuCl  +  CF3CCl2
-          (1)


NuCl  +  -CCl2CF3 NuCCl2CF3  +  Cl-         (5)


Where Nu- = PhS-


Scheme 2 (for 3)

Anionic chain process mechanism in solution


As shown in Table 4, the DH values for reactions (3) and
(4) from 1, 2, and 3 in the two solvents are all negative
(most of them being large negative values), which
indicates that reactions (3) and (4) from 1, 2, and 3 in
solution are always feasible. Therefore we could focus on
reactions (1) and (2) in examining the anionic chain
process mechanism for the reactions of nucleophiles with
perchlorofluorethanes 1, 2, and 3 in solution.


For 1,1-difluorotetrachloroethane (1) in the s-DEE and
s-DMS solvents, reactions (1) and (2) are predicted to be

Copyright # 2007 John Wiley & Sons, Ltd.

all exothermic (see the negative DH values in Table 4).
Therefore we conclude that the reaction of nucleophile
(CH3O�) with 1,1-difluorotetrachloroethane (1) in
solution proceeds via the anionic chain process
(Scheme 1). For 1,1,2-trichlorotrifluoroethane (2) in the
s-DEE and s-DMS solvents, reactions (1) are predicted to
be slightly endothermic (by 2.6 and 3.8 kcal/mol,
respectively) and reactions (2) to be slightly exothermic
(by 1.4 and 2.3 kcal/mol, respectively). The sums of the
DH values of reactions (1) and (2) in the two solvents are
evaluated to be only 1.2 and 1.5 kcal/mol, respectively,
which are within the accuracy of calculation, and the two
reaction steps (reactions (1) and (2)) are followed by the
strongly exothermic reaction steps (3) and (4) (the DH
values for reactions (3) and (4) in the solvents being
around �40 and �28 kcal/mol, respectively). Therefore
we conclude that the reaction of nucleophile (CH3O�)
with 1,1,2-trichlorotrifluoroethane (2) in solution pro-
ceeds via the anionic chain process (Scheme 1).


For 1,1,1-trichlorotrifluoroethane (3) in the s-DEE and
s-DMS solvents, reactions (1) are predicted to be
endothermic (by 13.8 and 17.4 kcal/mol, respectively)
and reactions (2) are predicted to be also endothermic (by
14.8 and 8.3 kcal/mol, respectively). However, reactions
(3) from 3 in the s-DEE and s-DMS solvents are highly
exothermic (by 39.6 and 36.5 kcal/mol, respectively) and
reactions (4) from 3 in the two solvents are exothermic
(by 9.0 and 8.3 kcal/mol, respectively). The sums of
the DH values of reactions (1)–(4) in the two solvents
are evaluated to be both around �20 kcal/mol.
Therefore, the reaction of nucleophile (CH3O�) with
1,1,1-trichlorotrifluoroethane (3) in solution may proceed
via the anionic chain process (Scheme 1).


For the reaction of 3 with thiophenoxide a competitive
reaction pathway (Scheme 2) other than the anionic chain
process was indicated by the experiments.3 The first step
(reaction (1)) of Scheme 2 involves the chlorophilic
attack of PhS� (similar to reaction (1) of Scheme 1) and
the second step (reaction (5)) of Scheme 2 leads to the
NuCCl2CF3 final product.


Our SCIPCM-B3LYP calculations in the s-DEE and
s-DMS solvents predict that reactions (1) of Scheme 2 in
the two solvents are endothermic by 12.0 and 12.2 kcal/
mol, respectively. We performed SCIPCM-B3LYP
calculations in the s-DEE and s-DMS solvents for
the CH3O�þ�CCl2CF3!CH3OCCl2CF3þCl� reac-
tion and the predicted DH values are �83.2 and
�86.1 kcal/mol, respectively. Since this reaction is
similar to reaction (5) of Scheme 2, we believe that
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reactions (5) of Scheme 2 in the s-DEE and s-DMS
solvents are also highly exothermic. Therefore we reach a
conclusion that the reactions of PhS� with 3 in solution
can also follow the reaction pathway shown in Scheme 2.


Our conclusions presented in the second, third, and
fifth paragraphs of the present subsection all support the
experimental investigations.1–5

CONCLUSIONS


The main purpose of the present work is to examine the
anionic chain process mechanism (Scheme 1) for the
spontaneous reactions of nucleophiles with perchloro-
fluoroethanes, suggested by the experimental investi-
gations.1–5 In our previous MNDO work, only reactions
(1) and (2) of Scheme 1 were studied and reactions (2)
were predicted to be unfeasible because solution effects
were not considered. In the present work, all the four
reactions of Scheme 1 in the solution condition have been
studied based on the SCIPCM-B3LYP calculations.


The gas-HF/B3LYP electronic structure calculations
support the previous explanation for the chlorophilic
attacks of nucleophiles in reactions (1) based on the
MNDO electronic structure calculations and the gas-
B3LYP geometric and energetic results for 4, 5, and 6
support the previous MNDO descriptions of anionic
hyperconjugation in the three anions in the gas phase.


Our calculations indicate that the solvation energies of
all the four kinds of anionic species, as the reactants and/
or products in the four reactions of Scheme 1, are very
large in the two solvents and the different kinds of anionic
species have quite different (large) solvation energy
values. Since the anionic species appear in both sides of
each reaction equation of Scheme 1, different solvation
energy values for the different kinds of anionic species
result in the fact that the DH values for the reaction in
solution are significantly different from the DH value
in the gas phase (the DH values for each of the reactions in
the nonpolar s-DEE and polar s-DMS solvents being
similar). For reactions (2) there is another factor affecting
the DH values: the hyperconjugative stabilization in the
reactant anions, and the competition between the two
factors (anionic hyperconjugation and solvation) leads to
the negative DH values for reactions (2) of 4 and 5 (from 1
and 2, respectively) in the two solvents.


Based on our SCIPCM-B3LYP calculations in the
nonpolar s-DEE and polar s-DMS solvents, we have

Copyright # 2007 John Wiley & Sons, Ltd.

the following conclusions on the mechanisms for the
reactions of nucleophiles with perchlorofluoroethanes 1,
2, and 3 in solution: the reactions of nucleophile (CH3O�)
with 1 and 2 in solution proceed via the anionic chain
process (Scheme 1); the reaction of nucleophile (CH3O�)
with 3 in solution may proceed via the anionic chain
process (Scheme 1); and the reaction of nucleophile
(PhS�) with 3 in solution may also follow the reaction
pathway shown in Scheme 2. All these conclusions are in
agreement with the experimental indications.1–5
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Ethenyl indoles as neutral hydrophobic
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ABSTRACT: 3-(4-Nitrophenylethenyl-E)-NH-indole (1), 3-(4-nitrophenyl ethenyl-E)-N-acetylindole (2), and
3-(4-nitrophenylethenyl-E)-N-benzenesulfonylindole (3) are relatively less fluorescent in organic solvents, with
fluorescence quantum yield (Ff) in the range of 0.002 to 0.066 depending on the solvent polarity. However, in
bovine serum albumin (BSA)-phosphate buffer, the fluorescence of these compounds gets drastically enhanced with
Ff in the range of 0.21 to 0.67, depending on the substituent on the indolic nitrogen atom. Additionally, linear increase
in the fluorescence intensity of 2 and 3 occurs on increasing the BSA concentration. These fluorescence properties
together with the neutral, hydrophobic nature of these compounds make these fluorophores good fluorescence probe
for studying the micropolarity of proteins like BSA and in general the ligand–protein interactions. Copyright# 2007
John Wiley & Sons, Ltd.


KEYWORDS: serum albumin; ethenyl indoles; fluorescence; binding constant; fluorescence quenching


INTRODUCTION


Extrinsic fluorescence probes are used extensively for
probing ligand–biomolecule binding and solubilization
sites in organized assemblies.1–6 However, the infor-
mation that is obtained from these probes is also due to
secondary Columbic interactions that these probes
undergo with the host system. This is because of
self-ionic behavior of the probes. Probing studies with
neutral probes are ideal but limited.7 Development of
neutral probes bearing greater sensitivity to their local
environment and greater ability to get anchored at a
known location within the complex host system is,
therefore, desirable.


Donor–acceptor diphenylpolyenes capable of fluores-
cing from their charge-transfer excited states have been
used to study the microenvironment of micelles and
proteins.8–11. It has recently been observed that the
donor–acceptor diphenylpolyenes containing indole unit
(e.g. ethenyl indoles) not only show solvatochromic
fluorescence from their charge-transfer excited state but
also fluoresce more efficiently as compared to the
diphenylpolyenes devoid of an indole moiety.12,13 This
promoted us to examine the fluorescence probe properties
of ethenyl indoles in a protein environment.


In this paper, we report fluorescence properties of
ethenyl indoles 1–3 (Figure 1) in aqueous buffer and in
bovine serum albumin (BSA), a well-known protein
responsible for transport of a variety of ligands14. A
comparison of the present results with the fluorescence
properties of some well-known compounds reveals that
these indolic compounds can be used as a fluorescence
probe for studying the microenvironment of biomolecular
and organized systems.


EXPERIMENTAL


3-Formylindole, BSA (fraction V) and other chemicals
were purchased from SRL, Mumbai, India. UV grade
solvents for spectroscopic studies and AR grade solvents
for synthetic purposes were either from Spectrochem or
E. Merck (India), Mumbai, India. Petroleum ether
(60–808C fraction) procured from local suppliers was
distilled prior to its use. Thin layer and column
chromatographic analyses were done using silica gel G
(Merck). The absorption spectra were measured using a
Shimadzu UV–160A spectrophotometer. FTIR spectra in
KBr discs were recorded on Impact Nicolet-400
spectrophotometer. Melting points were determined on
a Veego melting point apparatus. The 1H NMR spectra in
CDCl3 using TMS as internal standard were recorded on
Varian VXR 300MHz FTNMR instrument. Mass spectra
were recorded on QT of Micro (YA-105), Micro mass
(waters) through electrospray ionization. CHN analyses
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were performed on Theoquest CE instrument 1112 series
CHNS autoanalyzer. The fluorescence spectra were
recorded on Perkin–Elmer LS-55 spectrofluorimeter.
The fluorescence emission spectra were recorded by
exciting at the absorption maximum (labs max) of the
respective compounds. Fluorescence quantum yields (Ff)
were determined against rhodamine B in ethanol (Ff


ref¼ 0.69)15 as standard. For all the electronic spectro-
scopic (absorption, fluorescence, excitation, and emis-
sion) studies in solvent, 2.0� 10�5M solutions of the
respective compounds were used. For all the protein
studies, phosphate buffer, pH¼ 7.4 was used throughout
the experiment. A varied concentration of BSA (from
1� 10�6 to 1� 10�4M) was added to either 2� 10�6M
(for 1) or 2� 10�5M (for 2 and 3) in phosphate buffer
solution. For quenching studies, a varied range of
compound concentrations (2� 10�6 to 2� 10�5M) were
added to a phosphate buffer solution (pH¼ 7.4) of BSA
(1� 10�6M).


Compounds 1–3 were prepared in a manner similar to
our previously reported procedures.12,13 All the three
compounds exhibited physico–chemical data character-


istics of their structure and identical to the data reported
earlier.


RESULTS AND DISCUSSION


The absorption and fluorescence data of 1–3 are shown in
Table 1. The absorption maximum (labs max) of 1–3 is
similar in solvents like methanol and acetonitrile.
However, a moderate red-shift in labs max is observed
in the phosphate buffer. On the other hand, the
fluorescence emission maximum (lem max) is highly
red-shifted in polar aprotic solvents like acetonitrile.
Thus, the lem max is red-shifted by 131 nm, 179 nm and
73 nm for 1–3, respectively when the solvent changed
from nonpolar heptane to polar acetonitrile. Compounds
1–3 exhibit low fluorescence quantum yield in phosphate
buffer (Ff 1: 0.024, 2: 0.003, 3: 0.003). Also, compounds
2 and 3 show inefficient fluorescence (Ff 2: 0.008, 3:
0.004) in nonpolar solvent heptane, whereas, compound 1
is moderately fluorescent (Ff: 0.051).


Upon binding to BSA, the fluorescence efficiency of
these compounds increases drastically. Thus, Ff of
BSA-probe complex increases 30 times (for 1) and
100 times (for 2 and 3), as compared to the unbound probe
in buffer. Similarly, Ff of BSA-probe complex increases
10 times (for 1) and 50 times (for 2 and 3), as compared to in
nonpolar solvent. The fluorescence spectra on increasing
concentration of BSA are shown in Figure 2. While,
interaction of 2 and 3 with BSA results in a blue-shift of
84 nm in their lem max (i.e. 537/540 nm to 453/456 nm),
the lem max of 1 is insensitive to the concentration of BSA
(i.e. 552 nm). Interestingly, compound 2 shows dual
fluorescence on increasing concentration BSA. Thus, the
lem max of 2 in phosphate buffer at 537 nm disappears on
increasing the BSA concentration, and a new fluorescence
emission peak appears at 453 nm. Compounds 2 and 3 are


Figure 1. Structure of compounds 1–3


Table 1. Absorption maximum (labs max), fluorescence emission maximum (lem max), excitation maximum (lex max), and
fluorescence quantum yield (Ff) of 1–3 in various solvents and BSA


Compound Solvent labs max (nm) lem max (nm) lex max (nm) Ff� 0.0003


1 Heptane 393 511 402 0.051
Methanol 413 567 416 0.003
Acetonitrile 410 642 405 0.009
Buffer soln 418 552 411 0.024
BSA 410 552 410 0.67


2 Heptane 363 408, 424 363 0.008
Methanol 374 424, 563 375 0.002
Acetonitrile 377 428, 603 374 0.045
Buffer soln 381 537a 370 0.003
BSA 376 453 375 0.31


3 Heptane 357 403, 424, 520 356 0.004
Methanol 367 417, 546 372 0.002
Acetonitrile 369 593 369 0.066
Buffer soln 378 540a 371 0.003
BSA 370 456 371 0.21


aNegligible fluorescence.
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known to show dual fluorescence in organic solvents.12,13


The lem max of<450 nm is attributed to the locally excited
(LE) state, while the lem max� 500 nm is believed to arise
from a highly polar, conformationally relaxed intramo-
lecular charge transfer (CRICT) excited state. Plausible


structures of LE and CRICT species are shown in
Figure 3.


The present results suggest that the nonpolar, LE states
of 2 and 3 are predominantly formed in BSA. However, in
case of 1, the polar, CRICT excited state is formed in the
protein matrix. These results also indicate that while 1
binds to the hydrophilic pocket of BSA, fluorophores 2
and 3 having hydrogen bonding capable substituents like
—CO (acetyl) and —SO (sulfonyl) interact with the
hydrophobic pocket of BSA.


The BSA-fluorophore binding constant (K) was
calculated using16


ðF=Fa � 1Þ�1 ¼ ðFb=Fa � 1Þ�1ð1þ 1=KCÞ (1)


where, F is the fluorescence quantum yield of compound
in the presence of BSA, Fa is the fluorescence quantum
yield of compound in absence of BSA, Fb is the
fluorescence quantum yield of fluorophore–BSA com-
plex, C is the concentration of BSA, and K is the binding
constant. A high value of K� 107M�1 is found for 1
which is 10–50 times more than the binding constant
obtained for 2 and 3 (�2.0� 105M�1� 1.0� 106M�1)
having blocked indole —NH (Table 2). Thus, —NH
group of indole plays important role for binding to BSA.
Interestingly, fluorescence intensity of 2 and 3 bearing the
hydrophobic substituent is linearly increased up to
100mM concentration of BSA (Fig. 4). Thus, 2 and 3
can be used for the quantification of BSA as well.


The interaction of such a probe with BSA is also
monitored by tryptophan fluorescence quenching of BSA
with increasing probe concentration and using the
Stern–Volmer equation17 (Eqn (2)), and for this the
tryptophan fluorescence was monitored at 346 nm with
excitation of BSA at 280 nm, where the ethenyl indoles do
not absorb significantly (Figs 5 and 6).


F0=F � 1 ¼ Ksv½Q� ¼ kqt0½Q� (2)


where, F0 is the fluorescence intensity of protein emission
in the absence of quencher, F is the fluorescence intensity
of protein emission in the presence of quencher, Ksv is the
Stern–Volmer quenching constant, [Q] is the quencher
concentration, kq is the bimolecular quenching rate
constant, and t0 is the fluorescence life time of the protein
in the absence of quencher (6.1 ns, reported value for
BSA).18


The Stern–Volmer quenching constant (Ksv) is two
times greater for 2 and 3 as compared to 1. The
Stern–Volmer plot linearly increases which indicates that
one of the tryptophan residues exposes to the quencher. It
is found that at the concentration of 2.38� 10�5M (for 1),
1.41� 10�5M (for 2) and 1.24� 10�5M (for 3), 50% of
tryptophan fluorescence intensity is quenched by the
quencher 1–3. Further, the bimolecular quenching rate
constant (kq) is in the order of 5� 1012M�1s�1 (for 1) and
1� 1013M�1s�1 (for 2 and 3). Thus, in the present case kq
is 500–1000 times higher than the expected rate constant
for a diffusion-controlled bimolecular process (in order


Figure 2. (a) Fluorescence spectra of 1 on increasing con-
centration of BSA. (0, 1, 2�10�6M) and (b) Fluorescence
spectra of 2 on increasing concentration of BSA (i) [BSA]: (0,
5, 10, 30, 50, 70, 90, 100, 200, 300, 400� 10�6M) and (ii)
[BSA]: (0, 5, 10, 30, 50� 10�6M)
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Table 2. Binding constant (K), Stern–Volmer quenching constant (Ksv), and bimolecular quenching constant (kq) for 1–3 in BSA


Compound K (106) M�1 R2 Ksv (10
4) M�1 R2 kq (10


13) M�1s�1


1 13.90 0.92 4.19 0.95 0.686
2 1.260 0.92 7.09 0.84 1.162
3 0.319 0.98 8.06 0.88 1.321


R2: The linearity.


Figure 3. Plausible structure of nonpolar LE state and polar CRICT excited state of ethenyl indole


Figure 4. Plot of fluorescence intensity vs. BSA concentration for 1(^), 2(*), and 3(*)
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1� 1010M�1s�1).16 This can be due to the strong
interaction of tryptophan residue with the probe
molecules. As kq is in the order of 3> 2> 1, it can be
suggested that probe 3 bearing SO2C6H5 group is in
close proximity to tryptophan residue as compared to
probe 1 having free indole —NH.


The fluorescence properties of the indolic ethenyl
compounds are compared with the known fluoresecent
probe such as 1-(anilino)naphthalene-8-sulfonate (ANS)1,19,
6-propionyl-2-(N,N-dimethyl-amino)naphthalene (PRO-
DAN)7,19, and 11-(dansylamino) undecanoic acid
(DAUDA)20. The parameters like lem max in phosphate
buffer and in protein matrix and the binding constant (K)
are summarized in Table 3. The lem max of known probes
like ANS, PRODAN and DAUDA as well as probes 1–3
gets blue-shifted upon binding to BSA. However, as


compared to these known probes, the magnitude of this
blue-shift is larger (84 nm) for 2 and 3. This indicates
towards a strong interaction between the indolic ethenyl
probes and BSA. A binding constant of 6.2� 106M�1


(for ANS), 1.0� 106M�1 (for PRODAN), 1.2� 106M�1


(for DAUDA), in the phosphate buffer have been


Figure 5. (a) Tryptophan fluorescence quenching spectra of
BSA, in the presence of increasing concentration of
quencher 1 and (b) Tryptophan fluorescence quenching
spectra of BSA in the presence of increasing concentration
of quencher 2.


Figure 6. Stern–Volmer tryptophan fluorescence quench-
ing plots for BSA in the presence of quencher 1–3
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reported. As compared to these probes, the binding
constants of 13.9� 106M�1 (for 1), 1.2� 106M�1 (for 2)
and 3.2� 105M�1 (for 3) are observed for indolic
ethenes. This shows that the binding behavior of indolic
ethenes is similar to that of ANS, PRODAN, and
DAUDA. Further, as compared to 1, probes 2, and 3 are
weakly bound to the BSA matrix.


All these probes show 10–100 times enhancement in
their fluorescence intensity upon binding to BSA. In the
case of indolic ethenes 2 and 3, the fluorescence intensity
increases linearly with respect to BSA concentration,
making theses fluorophores as useful probes for protein
quantification. The present indolic ethenes are neutral as
these do not have permanent charge. Hence, the
unnecessary Coulombic interaction between the fluor-
ophore and its surrounding medium (charged amino
residues in case of a protein) is negligible. Therefore,
these fluorophores can be used for studying the
protein–ligand interaction.


CONCLUSIONS


In summary, ethenyl indoles show efficient fluorescence
upon binding to BSA and the fluorescence intensity of
ethenyl indoles 2 and 3 increases linearly with respect to
BSA concentration. The indole —NH group plays
important role in binding to BSA. The ethenyl indoles
are neutral fluorescence probe, which can be used for
studying the protein–ligand interaction and their binding
behavior.
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Table 3. Fluorescence (lem max), binding constant (K), and blue-shifted emission maximum (Dl) of few studies reported
fluorescence probes and indolic ethenyl 1–3 in BSA and phosphate buffer solution


Probe


lem max (nm)


Dl (nm) K (M�1) Fluorescence enhancementaPhosphate buffer soln In BSA


ANS 509 471 38 6.2� 106 15
PRODAN 511 469 42 1.0� 106 10
DAUDA 536 495 41 1.2� 106 100
1 552 552 0 1.3� 107 20
2 537 453 84 1.2� 106 100
3 540 456 84 3.2� 105 70


a Fluorescence enhancement in BSA as compared to phosphate buffer.
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ABSTRACT: New types of diarylethene dimers bridged by a spiro structure were synthesized. One of their dimers
formed three kinds of polymorphic forms by recrystallization from different solvents: hexane (1a-a), acetone (1a-b),
and acetonitrile (1a-g). In crystals of 1a-a and 1a-b the molecules are packed in solvent-free crystal structures,
whereas crystal 1a-g includes acetonitrile molecules in the crystal. The difference of significant photochromic
reactivities in their polymorphic crystals was observed for photocoloration reactions. Crystals 1a-b and 1a-g showed
photochromism in the single-crystal phase, but 1a-a did not do so. Their photochromic reactivity was found to depend
on the distance between the reactive carbon atoms by X-ray crystallographic analysis. When the distance is less than
4.2 Å in the antiparallel conformation, the molecule can undergo photochromism in the crystal. On the other hand,
crystals of bromo-substituted diarylethene dimer (2a) cannot be suitable for X-ray crystallographic analysis when it
was recrystallized from hexane, acetone, and acetonitrile. However, it formed single crystal by recrystallization from
p-xylene, which showed photochromism in the crystalline phase. The edge-to-face aromatic interaction between
p-xylene molecules assisted the crystal growth of the diarylethene dimer. Upon irradiation with ultraviolet light, two
kinds of the enantiomers, (M,SS)- and (P,RR)-2b, are produced. Partial photobleaching reactions of either of the two
enantiomers by irradiation with linearly polarized visible light were confirmed by polarized absorption spectroscopy.
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; crystal; diarylethene; dimer; enantiomer

INTRODUCTION


Photochromism is referred to as a photochemical
reversible transformation of a chemical species between
two isomers having different absorption spectra.1,2


Although many types of photochromic compounds have
been reported so far, crystals that show photochromic
reactions in the crystal are very rare.3 Typical examples of
photochromic crystals are paracyclophanes,4 triary-
limidazole dimer,5,6 diphenylmaleronitrile,7 aziridines,8


2-(2,4-dinitrobenzyl)pyridine,9–12N-salicylideneani-
lines,13–15 and triazenes.16 In the most cases of photo-
chromic crystals, the photogenerated isomers are ther-
mally unstable and return to the initial isomers even in the
dark. Some of diarylethene derivatives undergo thermally
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stable and fatigue-resistant photochromic reactions even
in the single-crystalline phase.17–33 The photochromic
diarylethene crystals have the following characteristic
properties and functions: (1) The photogenerated colored
crystals exhibit dichroism under polarized light;18,19 (2)
The conformations in the crystals strongly affect photo-
cyclization and photocycloreversion quantum yields;24–26


(3) Single-crystalline photochromism induces reversible
nano-scale surface morphological changes;22 and (4)
Photochromic diarylethene crystals have potential
applications to high-density three-dimensional optical
memory media,23,34 optical switches,35 and color dis-
plays.27,28,32


Diarylethenes have two stable conformations with the
two thiophene rings in mirror symmetry (parallel
conformation) and in C2 symmetry (antiparallel confor-
mation).17 They are in equilibrium each other in solution.
The photocyclization reaction can proceed only from the
antiparallel conformation. In crystals, their confor-
mations are fixed. In most cases, they are oriented in
the antiparallel or parallel conformation. Diarylethenes
fixed in the parallel conformation in crystal cannot exhibit
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any photochromism. Even in the antiparallel confor-
mation diarylethenes cannot undergo photochromism in
crystal if the distance between the reacting carbons of the
diarylethene is longer than 4.2 Å.25 Molecules which are
packed in the antiparallel conformation with the distance
shorter than 4.2 Å can undergo photochromism. Some of
diarylethene dimers in which two diarylethenes are
combined with ethene parts are reported.36,37 However,
no research in the crystalline phase has been reported yet.
Here, we report on single-crystalline photochromism of
novel diarylethene dimers (1a and 2a, as shown in
Scheme 1). We found that 1a formed three kinds of
polymorphic forms recrystallized from different solvents.
Their polymorphic forms showed different photochromic
reactivity. Furthermore, the dimer molecules in crystal 2a
including p-xylene molecules were noticed that they were
packed in particular molecular structures.

Figure 1. Absorption spectra of (a) 1a (4.3� 10�5M) and
the photostationary solution under irradiation with 313-nm
light and (b) 2a, 2b, and 2c (6.5� 10�6M) in hexane

RESULTS AND DISCUSSION


Photochromism in solution


Diarylethene dimers 1a and 2a undergo photochromic
reactions in hexane. Figure 1a shows absorption spectra
of 1a and the photostationary solution upon irradiation
with 313-nm light. The hexane solution of 1a was
colorless and the color changed to yellow upon irradiation
with 313-nm light. The colored solution has absorption
maximum at 452 nm and returned to the initial colorless
solution by irradiation with visible light. The low
absorption intensity at 452 nm in the photostationary
state indicates that the photocycloreversion quantum
yield is larger than the photocyclization quantum yield.
Dimer 2a also showed similar spectral changes.
Figure 1b shows absorption spectra of 2a, 2b, and 2c
in hexane, which were isolated by HPLC. Photochromic
reaction of 2a in hexane proceeded to 2b in 16%
conversion and 2c in 0.6% conversion upon irradiation
with 313-nm light. The low conversion is ascribed to the

Scheme 1. Photochromic reactions of diarylethene dimers, 1a a
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fact that the photocycloreversion quantum yield is larger
than the photocyclization quantum yield. 2b and 2c have a
same absorption maximum at 465 nm. Absorption
coefficiency of 2c (e465¼ 15700M�1 cm�1) is twice as

nd 2a
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large as that of 2b (e465¼ 8300M�1 cm�1) at 465 nm.
There is no intramolecular interaction between two
diarylethene chromophores in the dimer molecule. This
indicates that two diarylethene chromophores indepen-
dently undergo the photocyclization reaction.

Figure 2. ORTEP drawings of (a) 1a-a, (b) 1a-b, and (c) 1a-g
showing 50% probability displacement ellipsoids. The bro-
ken lines showed the distance between the reacting carbons
(D). This figure is available in colour online at www.
interscience.wiley.com/journal/poc

Polymorphism and single-crystalline
photochromism of 1a


Dimer 1a was recrystallized from hexane, acetone, and
acetonitrile solutions. Each crystal has different crystal
shapes, which are named as 1a-a, 1a-b, and 1a-g,
respectively. X-ray crystallographic analysis of the
crystals was carried out to confirm the polymorphic
forms, and the resulting crystallographic data are shown
in Table 1.


The crystal of 1a-a belongs to monoclinic C2, Z¼ 2.
The density was 1.300 g cm�3. The ORTEP drawing of
1a-a is shown in Fig. 2a. Half of the molecules were
crystallographically independent. Therefore, two diary-
lethene units are in the same conformation. They are
oriented in the parallel conformation, which indicates a
non-reactive conformation for the photochromic reaction.


The crystal of 1a-b had a crystal system of monoclinic,
a space group of C2/c, and Z¼ 8. The density was
1.335 g/cm3. The molecules are packed denser than those
in 1a-a. Figure 2b shows the ORTEP drawing of 1a-b.
Two diarylethene units have different conformations. One
of them is in an antiparallel conformation with a distance
between the reactive carbons (D) of 3.47 Å. This has a
possibility to undergo photochromic reaction in the
crystalline phase.25 On the other hand, the other
diarylethene unit has a parallel conformation, which
cannot undergo any photochromic reaction in the
crystalline phase. Therefore, only half of the diarylethene

Table 1. X-ray crystallographic data of 1a-a, 1a-b, 1a-g, and 2a


1a-a 1a-b 1a-g 2a


Recrystallization solvent Hexane Acetone Acetonitrile p-Xylene
Fomula C33H36O4S4 C33H36O4S4 C33H36O4S4 �C2H3N C29H24Br4O4S4 � 2C8H10


T (K) 118 (2) 123 (2) 123 (2) 148 (2)
M 624.90 624.90 665.95 1096.68
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic
Space group C2 C2/c P21/c Pna21
a (Å) 17.700 (6) 39.982 (12) 9.720 (2) 9.035 (4)
b (Å) 6.024 (2) 10.129 (3) 11.047 (3) 16.712 (8)
c (Å) 15.376 (5) 15.373 (5) 32.017 (7) 30.395 (15)
a (8) 90 90 90 90
b (8) 103.232 (5) 92.684 (5) 94.271 (4) 90
g (8) 90 90 90 90
Volume (Å3) 1595.9 (9) 6219 (3) 3428.3 (14) 4589 (4)
Z 2 8 4 4
Density (g cm�3) 1.300 1.335 1.290 1.587
R1 (I> 2s(I)) 0.0577 0.0698 0.0548 0.0347
wR2 (all data) 0.2329 0.2220 0.1804 0.0725
Absolute structure parameter 0.09 (18) — — 0.013 (6)
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Table 2. Photochromic reactivity of the diarylethene dimers


Crystal Distance (L)a/Å Photochromismb lmax
c/nm


1a-a 4.11, 4.11 No —
1a-b 3.47, 4.34 Yes 470
1a-g 3.62, 3.64 Yes 480
2ad 3.53, 3.68 Yes 480


aDistance between the reacting carbon atoms.
b Photochromism in crystal.
c Absorption maxima of the photogenerated colored crystal.
d Recrystallized from p-xylene.
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units can participate in the photochromic reaction in the
crystal.


The crystal of 1a-g had a crystal system of monoclinic,
space group of P21/c, and Z¼ 4. The density was
1.290 g cm�3. Figure 2c shows the ORTEP drawing of
1a-g in which an acetonitrile molecule is included. The
two diarylethene units are in both antiparallel confor-
mations. The distances between the reactive carbons are
3.62 and 3.64 Å, which are short enough to undergo
photochromic reactions.25 Crystals 1a-a, 1a-b, and 1a-g
were found to be polymorphic forms by X-ray crystal-
lographic analysis.


Single-crystalline photochromism of 1a-a, 1a-b, and
1a-g was examined using polarizing microscope upon
irradiation with UV light. Crystal 1a-a did not exhibit any
color change upon irradiation with 366-nm light. This is
ascribed to the parallel conformations for both diary-
lethene units. Crystals 1a-b and 1a-g exhibited color
change to orange upon irradiation with 366-nm light. The
polarized absorption spectra of the colored crystals were
measured using a polarizing microscopy under parallel
polarizer and analyzer. Figure 3 shows polarized
absorption spectra of the colored crystals. The absorption
intensity dramatically changed when the sample stage
was rotated as much as 908. This indicates that the

Figure 3. Absorption spectra of the colored crystals of (a)
1a-b and (b) 1a-g under polarized light. 08 denotes the
direction of maximum absorption intensity


Copyright # 2007 John Wiley & Sons, Ltd.

molecules are regularly oriented in the crystal. If the
cyclization reaction proceeded in an amorphous phase,
the color intensity change should not be observed by
rotating the sample stage of the microscope. The
absorption anisotropy was observed for both 1a-b and
1a-g. The dichroism under polarized light clearly
indicates that the photochromic reaction took place in
the crystal lattice.


Table 2 shows absorption maxima of the photogener-
ated colored crystals. The closed-ring isomer in crystal
1a-b has an absorption maximum at 470 nm. On the other
hand, the closed-ring isomer in crystal 1a-g has an
absorption maximum at 480 nm. The shift of the
absorption maximum between the two colored crystals
is ascribed to the difference of the strained structure of the
closed-ring forms arising from the different confor-
mations of the open-ring forms.26,38


Crystal growth assisted by p-xylene and
single-crystalline photochromism of the
crystal


Dimer 2a was recrystallized from hexane, acetone, and
acetnitrile solutions. However, well-developed single
crystal for X-ray analysis was not obtained. When 2awas
recrystallized from p-xylene, well-developed single
crystals were obtained. X-ray crystallographic analysis
of the crystal indicates that the crystal includes p-xylene
molecules, as shown in Fig. 4. Dimer 2a formed
co-crystals with p-xylene (1:2). The edge-to-face
aromatic interaction between p-xylene molecules led to
form a one-dimensional chain. The contact lengths of
C . . .H in the interaction were 2.79 and 2.88 Å. The chain
is arranged parallel to the a-axis. The molecules of 2a are
packed into the p-xylene chain to chain. The presence of
p-xylene assisted the crystal growth of 2a. The distances
between the reacting carbon atoms in the diarylethene
parts were 3.53 and 3.68 Å. It indicates that 2a can
undergo photochromism in the crystal. Two diarylethene
parts in the dimer have the same helical structures. In
other words, the molecules are fixed into either (M,M)-2a
or (P,P)-2a, which are oriented perpendicular each other.
(M,P)-2a was not present in the crystal. When crystal 2a
was irradiated with 366-nm light, the color of the crystal
changed from colorless to yellow. The colored forms are
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Figure 4. Molecular packing diagram of crystal 2a viewed
along (a) a-axis and (b) c-axis. a and b correspond to diagram
viewed normal to (100) and (001) faces, respectively. This
figure is available in colour online at www.interscience.
wiley.com/journal/poc


Figure 5. Polarized absorption spectra of the colored crystal
of 2a on the (001) face (a) before and (b) after the partial
bleaching reaction upon irradiation with polarized visible
light at the angle of 308. 08 denotes the direction along
with a-axis
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due to the production of (M,SS)-2b and (SS,SS)-2c from
(M,M)-2a or (P,RR)-2b and (RR,RR)-2c from (P,P)-2a.
Figure 5a shows absorption spectra of the colored crystal.
The absorption maximum of the closed-ring form in
crystal 2a was observed at 480 nm.


The molecular packing of the diarylethene dimer
viewed normal to the (001) face as shown in
Fig. 4b indicates that the long axes of the diarylethene
chromophores in the dimer are aligned at an angle of
ca. 608 to each other. This suggests that linearly polarized

Copyright # 2007 John Wiley & Sons, Ltd.

light can selectively isomerize the closed-ring forms to
the open-ring forms. A colorless dimer crystal was
irradiated with non-polarized 366-nm light to give a
yellow-colored crystal. When the crystal was irradiated
with linearly polarized light (l> 450 nm) in the direction
of 308, the colored forms along the polarized light were
preferentially bleached and the molecules oriented
perpendicularly to the irradiated polarized light remained.
The polarized absorption spectra and the polar plots after
partial bleaching are shown in Figs 5b and 6b. The polar
plots show the partial bleaching reactions took place
under the polarized light in the crystal. The order
parameter ((Ajj �A?)/(Ajj þ 2A?)) was determined to be
0.37 after partial bleaching. The partial photobleaching
reactions are expected to produce selectively either of the
two enantiomers (M,SS)- or (P,RR)-2b at the low
conversion by irradiation with polarized light, as shown
in Scheme 2.


In conclusion, we synthesized novel two kinds of
diarylethene dimers bridged by a spiro structure. The
diarylethene dimers underwent photochromism in
solution and even in the single-crystalline phase. One
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Figure 6. Polar plots of absorbance at 480 nm in Fig. 5 (a)
before and (b) after the partial bleaching reaction upon
irradiation with polarized visible light at the angle of 308.
08 denotes the direction along with a-axis
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of their dimers formed polymorphic forms. The photo-
chromic reactivity in the polymorphic crystals depended
on the conformation of the diarylethene units. Either of
the two enantiomers ((M,SS)- or (P,RR)-2b) was produced
by partial bleaching reactions of the colored crystal
including both enantiomers by irradiation with linearly
polarized visible light. Although the formation of
diastereomers and enantiomers of diarylethene clo-
sed-ring isomers in the crystal has been so far
reported,39–43 our present work can selectively produce
either of the two enantiomers by partial bleaching
reactions using linearly polarized visible light.


EXPERIMENTAL


General


1H NMR spectra were recorded on a Varian Gemini 200
spectrometer (200MHz). Tetramethylsilane was used as
an internal standard. Mass spectra were taken with a

Copyright # 2007 John Wiley & Sons, Ltd.

Shimadzu GCMSQP5050A mass spectrometer. Absorp-
tion spectra in a solution were measured with a Hitachi
U-3410 absorption spectrophotometer. Absorption spec-
tra in a single-crystalline phase were measured using a
Leica DMLP polarizing microscope connected with a
Hamamatsu PMA-11 detector. The polarizer and analyzer
were set parallel to each other. Photoirradiation was
carried out using a USHIO 500-W high-pressure mercury
lamp or a xenon lamp attached to the microscope.
Monochromic light was obtained by passing the light
through a monochromator (Ritsu MV-10N) or a band pass
filter. X-ray crystallographic analysis was carried out
using a Bruker SMART CCD X-ray diffractometer.


Diarylethene dimers (1a and 2a) were synthesized
according to the routes shown in Scheme 3. 3-Acetyl-
2,5-dimethylthiophene (4) was prepared by a reaction of
2,5-dimethylthiophene (15 g; 0.13mol) with acetic
anhydride (14ml; 0.15mol) in the presence of Tin(IV)
chloride (21ml; 0.18mol) in benzene (130ml) for 2 h at
room temperature in 85% yield.36,44 (2,5-Dimethyl-3-
thienyl)oxoacetoaldehyde (5) was prepared by a reaction
of selenium dioxide (5.0 g; 45mmol) in dioxane (30ml)
and water (1.4ml) with 4 (5.0 g; 32mmol) for 5 h at
1058C in 42% yield.36,44 1,2-Bis(2,5-dimethyl-3-thienyl)-
2-hydroxyethanone (6) was prepared by a reaction of
2,5-dimethylthiophene (3.2 g; 29mmol) with 5 (4.0 g;
24mmol) in the presence of Tin(IV) chloride (6.0ml;
51mmol) in benzene for 12 h at room temperature in 62%
yield.36,44 Dimer 1a was synthesized by reaction of 6
(1.0 g; 3.6mmol) with pentaerythritol (160mg;
1.2mmol) in the presence of p-toluenesulfonic acid
(20mg) in benzene refluxing using Dean–Stark condenser
for 22 h. The product was carefully purified by column
chromatography (hexane/ethyl acetate¼ 9/1) and separa-
tive high performance liquid chromatography, and was
obtained in 2.5% yield. 1H-NMR (200MHz, CDCl3):
d¼ 1.96 (s, 12H, CH3), 2.31 (s, 12H, CH3), 4.22 (s,
8H, CH2O), 6.39 (s, 4H, Ar);m/z¼ 624 (Mþ); Anal. Calc.
for C33H36O4S4: C, 63.43; H, 5.81. Found: C, 63.40; H,
5.85%.


3-Acetyl-2-bromo-5-methylthiophene (8) was pre-
pared by a reaction of 2-bromo-5-methylthiophene
(2.0 g; 11mmol) with acetic anhydride (1ml; 11mmol)
in the presence of Tin(IV) chloride (1.8ml; 15mmol) in
benzene (12ml) for 3 h at room temperature in 51%
yield. (200MHz, CDCl3) d¼ 2.46 (s, 3H, CH3), 2.66
(s, 3H, CH3), 7.29 (s, 1H, Ar); MS m/z¼ 218 (Mþ).
(5-Bromo-2-methyl-3-thienyl)oxoaceto-aldehyde (9) was
prepared by a reaction of selenium dioxide (1.3 g;
12mmol) in dioxane (10ml) and water (0.3ml) with 8
(1.0 g; 4.6mmol) for 5 h at 1058C in 83% yield. 1H-NMR
(200MHz, CDCl3): d¼ 2.75 (s, 3H, CH3), 7.81 (s, 1H,
Ar), 9.47 (s, 1H, CHO); MS m/z¼ 232 (Mþ).
1,2-Bis(5-bromo-2-methyl-3-thienyl)-2-hydroxyethanone
(10) was prepared by a reaction of 2-bromo-5-
methylthiophene (0.73 g; 4.1mmol) with 9 (0.6 g;
2.6mmol) in the presence of Tin(IV) chloride (0.48ml;
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Scheme 2. Photochromic reaction scheme of M-helical 2a ((M,M)-2a) and P-helical-2a ((P,P)-2a), and their photogenerated
isomers


Scheme 3. Synthetic routes of 1a and 2a
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4.1mmol) in benzene for 12 h at room temperature in
37% yield. 1H-NMR (200MHz, CDCl3): d¼ 2.52
(s, 3H, CH3), 2.73 (s, 3H, CH3), 4.34 (d, J¼ 5.7Hz,
1H, CH—OH), 5.51 (d, J¼ 5.7Hz, 1H, CH—OH), 6.61
(s, 1H, Ar), 6.94(s, 1H, Ar). Dimer 2awas synthesized by
reaction of 10 (0.39 g; 0.95mmol) with pentaerythritol
(40mg; 0.29mmol) in the presence of p-toluenesulfonic
acid (10mg) in benzene refluxing using Dean-Stark
condenser for 26 h. The product was carefully purified by
column chromatography (hexane/ethyl acetate¼ 9/1) and
separative high performance liquid chromatography, and
was obtained in 3.0% yield. 1H-NMR (200MHz, CDCl3):
d¼ 2.00 (s, 12H, CH3), 4.21 (s, 8H, CH2O), 6.70 (s, 4H,
Ar); MS m/z¼ 880 (Mþ); Anal. Calc. for C33H36O4S4: C,
39.38; H, 2.74. Found: C, 39.48; H, 2.72%. Dimers 2b and
2c were isolated by passing a photostationary solution
containing 2a, 2b, and 2c through a HPLC (Hitachi
L-6250 HPLC system, silica gel column, hexane/ethyl
acetate (97:3) as the eluent). 2b: 1H-NMR (200MHz,
CDCl3): d¼ 1.99 (s, 6H, CH3), 2.12 (s, 6H, CH3),
3.80–4.30 (m, 8H, CH2O), 6.21 (s, 2H, Ar), 6.70 (s, 2H,
Ar). 2c: 1H-NMR (200MHz, CDCl3): d¼ 2.11
(s, 12H, CH3), 3.95 (s, 4H, CH2O), 4.01 (s,
4H, CH2O), 6.22 (s, 4H, Ar).
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ABSTRACT: Transesterification of a phosphodiester bond of RNA models has been studied in various buffer
solutions, under neutral and slightly alkaline conditions in H2O and D2O. The results show that imidazole is the only
buffer system where a clear buffer catalysis on the cleavage of a phosphodiester bond is observed. The rate
enhancement in sulphonic acid buffers is smaller, and a sulphonate base, particularly, is inactive as a catalyst. The
rate-enhancing effect of imidazole is, however, catalytic, and the catalytic inactivity of sulphonate buffers can be
attributed to their structure and/or charge. The catalysis by imidazole is a complex system which, in addition to
first-order reactions, involves a process that shows a second-order dependence in imidazole concentration. The latter
reaction becomes significant in acidic imidazole buffers (pH< pKa), as the buffer concentration increases. The kinetic
solvent deuterium isotope effect kH/kD, referring to first-order catalysis by imidazole base, is 2.3� 0.3. That referring
to second-order catalysis is most probably much larger, but an accurate value could not be obtained. Copyright# 2007
John Wiley & Sons, Ltd.

KEYWORDS: cleavage of RNA; general acid base catalysis; kinetic solvent deuterium isotope effect; buffer solutions

INTRODUCTION


We have recently started a project to determine kinetic
solvent deuterium isotope effects, typical for RNA
transesterification reactions, under various conditions.1


The underlying idea of these studies is to start from
reactions of simplest possible substrates with a limited
number of exchangeable protons. Results obtained with
such simplified substrates are easier to interpret, and
proceeding systematically from simple towards more
complex systems, reliable reference values for studies
with biologically more relevant compounds, can be
obtained.


The aim of the present work is to determine the kinetic
solvent deuterium isotope effects of general acid and
base-catalyzed cleavage and isomerization of phospho-
diester bonds of RNA. The project has two aims. One is to
provide kH/kD values, as a reference for mechanistic
studies with more complex systems. Catalysis by RNase
A, for example, involves a general acid/base catalysis by
two histidine moieties, and the cleavage of phosphodie-
sters in imidazole has been extensively studied to model
the reaction.2 More recently, general acid/base catalysis
has been identified as one of the factors that may
contribute to the efficient catalysis by ribozymes, where

to: S. Mikkola, Department of Chemistry, University
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nucleic acid bases are believed to act as proton donors/
acceptors.3


The other aim is to study further the details of the
mechanism of general acid/base catalysis, which despite
the extensive research, is not fully understood. The
general acid/base-catalyzed reaction in neutral solutions
has proved to be a surprisingly complex system, which
probably involves at least two parallel buffer-dependent
reactions, the proportion of which depends on reaction
conditions.2e The interpretation of results is further
complicated by the fact that the buffer catalysis is very
modest, and in the concentrated buffer solutions required,
the reaction rates are affected by medium effects.


The substrate chosen for the studies is a
2-methylbenzimidazole nucleoside alkylphosphate (1a
in Scheme 1), where the number of exchangeable protons
has been reduced by substituting a natural nucleic acid
base with 2-methylbenzimidazole. Corresponding aryl
ester 5 has been used for comparative purposes, since the
transesterification is simpler and the results are more
easily interpreted.

RESULTS


Transesterification of 2-methylbenzimidazole alkyl- and
aryl phosphates was studied in various buffer solutions,
including imidazole, MOPSO, and glycine buffers
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in H2O and D2O. Preparation of buffers is described in the
Experimental section. Rate constants were determined at
four buffer concentrations ranging from 0.1 to 0.7M.
Such high buffer concentrations were required, since the
rate enhancements are modest. The experiments were
generally carried out at two buffer ratios; one on either
side of the buffer pKa. Buffer ratio is given in following as
the percentage of buffer base, and buffers containing 20%
and 80% of buffer base are referred to as acidic and basic,
respectively.

Copyright # 2007 John Wiley & Sons, Ltd.

Reactions were followed by withdrawing aliquots at
appropriate intervals and analyzing their composition by
RP-HPLC, as described in the Experimental section.
Products were identified by spiking with authentic
samples. In the case of nucleoside aryl phosphate 5,
the cleavage of the phosphodiester bond was the only
reaction observed under the experimental conditions and
the only products observed were 20,30-cyclic monophos-
phate 2 and phenol. No subsequent processes were
observed, since the hydrolysis of the cyclic monophos-
phate is much slower than the cleavage of the aryl
substrate, containing a good leaving group.1


The reaction of dialkylphosphate 1a in glycine and
CHES buffers (pH 8.9 and 8.7, respectively, at 90 8C)
resembles that of the aryl phosphate in that the cleavage is
the only reaction observed. Because of the poor leaving
group, the cleavage of 1a is slow and therefore, the
hydrolysis of 20,3-cyclic monophosphate 2 to a mixture of
nucleoside 30- and 20- monophosphates 3a and 3b was
observed. The hydrolysis of 2 is faster than the cleavage
of a phosphodiester bond and the mole fraction of 2
remained low throughout the reaction. Dephosphoryla-
tion of monophosphates, which unlike the hydrolysis of
the cyclic monophosphate, is not base-catalyzed,4 is slow,
and monophosphates 3a and 3b accumulate to a
significant extent.


The reaction system in imidazole and MOPSO buffers
(pH 5.5–7.0 at 90 8C) was more complex. Under these
conditions, isomerization of phosphodiester bonds com-
petes with the cleavage and in acidic buffers (20% base),
the hydrolysis of the N-glycosidic bond significantly
contributed to the disappearance of 1a. Hydrolysis of the
N-glycosidic bond releases a 2-methylbenzimidazole
base, and since nucleosides generally depurinate faster
than dinucleoside monophosphates,5 the proportion of the
base among the reaction products increased throughout
the reaction. Under neutral and slightly acidic conditions,
the hydrolysis of 2 and the dephosphorylation of 3a,b are
significantly faster than the cleavage of the phosphodie-
ster bond, and, hence, nucleoside 4 was the predominant
cleavage product.


First-order rate constants for the cleavage of the
phosphodiester bond were calculated from the decrease
of the mole fraction of the starting material. In the case of
1a, where cleavage takes place in parallel with isomeriza-
tion, the 20- and 30- isomers were assumed to be cleaved at
the same rate, and the sum of their mole fractions was used
as the basis of calculations. Previous studies2e,,6 have shown
that the reactivity difference between the isomers is small
and does not affect the results to any significant extent.
Consistent with this, plots lnx(1a)þ x(1b)] versus reaction
time were linear, even in cases where the rates of
isomerization and cleavage were comparable. In cases,
where the depurination contributed to the disappearance of
the starting material, the rate constant for depurination was
subtracted from kobs values to give the rate constant for the
cleavage of the phosphodiester bond (kc). First-order rate
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constants for the isomerization of 1a to 1b (ki) were
calculated, as described previously.2e Rate constants for the
hydrolysis of the cyclic monophosphate were calculated by
a non-linear fit of the mole fraction of the cyclic product 2
against reaction time, as described in the Experimental
section.


The first-order rate constants for the cleavage of
phosphodiesters (kc) were plotted against the buffer
concentration and extrapolated to zero concentration to
obtain the rate constants for the buffer-independent
reaction (k0). In cases where the plot was linear, the
extrapolation was made by a linear least-square fit, and
first-order rate constants for the buffer-independent (k0)
and second-order rate constants for the buffer-dependent
cleavage (k2) were obtained, as intercepts and slopes of
the plots, respectively. These values are collected in
Table 1. Plots referring to acidic imidazole buffers (20%
base) were curved and a similar treatment of the data
could not be employed. In those cases, the data were fitted
according to an equation, taking into account a
second-order dependence on imidazole concentration,
as explained in the Experimental section, and k0 values
obtained are included in Table 1. Rate constants for the
cleavage of 5 are collected in Table 2, rate constants for
the hydrolysis of 2 in Table 3, and rate constants for the
isomerization of 1a in Table 4.


The k0 values in Tables 1–4 form a set of values which
is consistent with the existing information on the
reactions of nucleoside phosphodiesters. Buffer-
independent cleavage of phosphodiesters 1a and 5 and
buffer-independent hydrolysis of 2 become base-
catalyzed, approximately at pH 7, while the rate of the
isomerization of 1a is pH-independent.4 Apparent kH/kD
values, referring to base-catalyzed cleavage reactions are
large, but under the conditions where a pH-independent
reaction predominates, the reactions are only slightly
faster in H2O.


1 The rate constants for the depurination

Table 1. Kinetic parameters of the buffer-catalyzed cleavage of


Buffer Solvent pLa


MOPSO, 20% base H2O 5.5
D2O 6.1


MOPSO, 80% base H2O 6.7
D2O 7.3


Imidazole, 20% base H2O 5.6
D2O 6.1


Imidazole, 80% base H2O 6.8
D2O 7.3


Glycine, 80% base H2O 8.9
D2O 9.5


CHES, 80% base H2O 8.7
D2O 9.4


a pL values have been calculated using pKa values extrapolated to experimental
b k0 and k2 values have been obtained as the intercept and the slope of a plot of
c The plot kc versus c was curved (Fig. 3). The value has been obtained by a non-lin
and second-order catalysis by imidazole are (3� 4)� 10�6 dm3mol�1 s�1 and (2.
d Rate constants kc do not depend on the concentration of the buffer. Relative ra


Copyright # 2007 John Wiley & Sons, Ltd.

(data not shown) are also consistent with those previously
reported;1 the rate decreases as the pH increases and the
reaction is faster in D2O than in H2O solutions.


The data on the buffer-catalyzed cleavage of 1a are
shown in Figure 1, where rate constants, relative to those
for the uncatalyzed reaction are shown as a function of
the buffer concentration. It can be seen, that the rate
enhancements are very modest: 0.7M imidazole buffers
promote the cleavage approximately by a factor of five.
The value obtained in acidic imidazole buffers is slightly
uncertain, due to the large error limit of the k0 value
obtained by the non-linear fit, but in no case, the rate
enhancement exceeds the value of 10. A rate enhance-
ment of this magnitude is consistent with other reports on
imidazole catalysis.2 The rate enhancement in imidazole
is, however, clear, whereas other buffers tested promote
the cleavage of a phosphodiester bond only very slightly,
if at all. Acidic MOPSO (0.7M, 20% base; pH 5.6)
promoted the cleavage by a factor of 2, in comparison to
the uncatalyzed reaction and in basic MOPSO (80% base;
pH 6.8), no rate enhancement was observed. Similarly,
basic CHES buffers (80% base; pH 8.7) did not promote
the cleavage of phosphodiester bonds, whereas in 0.7M
basic glycine (80% base; pH 8.9), a 1.5-fold rate
enhancement was observed. Two other buffers of
different type were tested for their catalytic ability under
neutral conditions: phosphate (50% base) and citrate
buffers (65% base), both promoted the cleavage of 1a,
even if the rate enhancements were modest. Rate
enhancements in 0.25M citrate and in 0.7M phosphate
were 1.5- and 2.2-fold, respectively.


The results obtained with aryl phosphate 5 are shown in
Fig. 2. As can be seen, the rate enhancements with a
substrate with a good leaving group, are even more
modest. Similar to the situation with 1a, there is a
difference between imidazole and sulphonic acid buffers.
Both acidic and basic imidazole promote the cleavage;

1a at 90 8C and I¼1.0 (adjusted with NaCl)


(k0) s
�1(b) (k2) dm


3mol�1 s�1(b)


(1.13� 0.04)� 10�7 (7.0� 0.7)� 10�8


(7.3� 0.7)� 10�8 (6� 2)� 10�8


(5.5� 0.2)� 10�7 (1.6� 0.3)� 10�7


(1.0� 0.4)� 10�7 (1.1� 0.8)� 10�7


(4.5� 1.5)� 10�7,c


(1.0� 0.4)� 10�7 (1.1� 0.1)� 10�6


(6.3� 0.6)� 10�7 (4.1� 0.2)� 10�6


(4.0� 0.8)� 10�7 (1.8� 0.2)� 10�6


(7.9� 0.5)� 10�5 (6� 1)� 10�5


(6.7� 0.2)� 10�5 (4.1� 0.3)� 10�5


(6.4� 0.2)� 10�5 d


(3.8� 0.2)� 10�5 d


conditions, as explained in the Experimental section.
kc versus c (buffer), unless otherwise mentioned.
ear fit according to Eqn (2). The parameters k2 and k3 referring to first-order
1� 0.7)� 10�5 dm6mol�2 s�1.
te constants kc/k0, obtained in H2O solutions are shown in Fig. 1.
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Table 2. Kinetic parameters of the cleavage of 5 in buffer solutions at 60 8C and I¼1.0M (adjusted with NaCl)


Buffer Solvent pLa (k0) s
�1(b) (k2) dm


3mol�1 s�1(b)


MOPSO, 20% base H2O 5.8 (5.6� 0.1)� 10�6 (3.2� 0.3)� 10�6


D2O 6.4 (4.7� 0.2)� 10�6 (2.6� 0.4)� 10�6


MOPSO, 80% base H2O 7.0 (7.18� 0.08)� 10�5 c


Imidazole, 20% base H2O 6.1 (1.00� 0.03)� 10�5,d


D2O 6.6 (3.1� 0.1)� 10�6,e


Imidazole, 80% base H2O 7.3 (1.02� 0.02)� 10�4,f


D2O 7.8 (5.2� 0.1)� 10�5 (2.7� 0.2)� 10�5


a pL values have been calculated using pKa values extrapolated to experimental conditions, as explained in the Experimental section.
b k0 and k2 values have been obtained as the intercept and the slope of a plot of kc versus c (buffer), unless otherwise mentioned.
c Rate constants kc decrease as the buffer concentration increases. Relative rate constants kc/k0 are shown in Fig. 2.
d The plot kc versus cwas curved (Fig. 4). The value has been obtained by a non-linear fit according to Eqn (2). The parameters k2 and k3, referring to first-order
and second-order catalysis by imidazole are (1� 1)� 10�5 dm3mol�1 s�1 and (1.4� 0.2)� 10�5 dm6mol�2 s�1.
e The plot kc versus c was curved (Fig. 4). The value has been obtained by a non-linear fit according to Eqn (2). The parameters k2 and k3, referring to first-order
and second-order catalysis by imidazole are (3.4� 0.3)� 10�5 dm3mol�1 s�1 and (1.9� 0.4)� 10�5 dm6mol�2 s�1.
f The plot kc versus c was curved (Fig. 4). The value has been obtained by a non-linear fit according to Eqn (2). The parameters k2 and k3, referring to first-order
and second-order catalysis by imidazole are (4� 1)� 10�5 dm3mol�1 s�1 and (1.9� 0.9)� 10�5 dm6mol�2 s�1.
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relative rate constants in 0.7M buffer solutions are 2.2
and 1.3, in acidic (20% base; pH 6.1 at 60 8C) and basic
(80% base; pH 7.3) buffers, respectively. These values are
consistent with previous reports on the buffer catalysis on
the cleavage of nucleoside aryl phosphates.7 Acidic
MOPSO buffers (20% base; pH 5.8 at 60 8C) also slightly
enhance the cleavage, but in basic MOPSO (80% base;
pH 7.0 at 60 8C), the rate constants slightly decrease as the
buffer concentration increases.


The data in Figs 1 and 2 show clearly the curious
feature observed in imidazole buffers: rate constants do
not depend linearly on the buffer concentration, but the
plots show an upward curvature. Figures 3 and 4 show the
rate constants obtained in imidazole in H2O and D2O. It
can be seen, that in the case of the alkylphosphate 1a, the
curvature is only observed in acidic imidazole buffers
in H2O, whereas the plots referring to basic buffers or to
experiments carried out in D2O solutions are linear. In the
case of aryl phosphate 5, the deviation is more
pronounced than with alkylphosphate 1a and a slight

Table 3. Kinetic parameters of the cleavage of 2 in buffer solut


Buffer Solvent pLa


MOPSO, 20% base H2O 5.5
D2O 6.1


MOPSO, 80% base H2O 6.7
D2O 7.3


Imidazole, 20% base D2O 6.2
Imidazole, 80% base H2O 6.8


D2O 7.3
Glycine, 80% base H2O 8.9


D2O 9.5
CHES, 80% base H2O 8.7


D2O 9.4


a pL values have been calculated using pKa values extrapolated to experimental
b k0 and k2 values have been obtained as the intercept and the slope of a plot of
c Rate constants kc decrease as the buffer concentration increases.


Copyright # 2007 John Wiley & Sons, Ltd.

curvature is observed also in basic imidazole in H2O and
in acidic imidazole in D2O.


It could be argued that the curvature of plots, consisting
of only four data points is just a coincidence, and
therefore, the experiments were repeated several times
using fresh reaction solutions and different substrates.
The results obtained in acidic imidazole (20% base) with
20,50- isomer 1b and 2-methylbenzimidazole alkylpho-
sphate 6 showed that the curved shape of the kc versus c
plots is reproducible.


The difference in the catalytic activity between
imidazole and other buffers was seen also in results
obtained with the cyclic monophosphate 2. In this case,
the difference is not as pronounced: increasing MOPSO
concentration enhances the cleavage of 2, although the
rate enhancement is not as significant as with imidazole:
0.7M imidazole buffer promotes the hydrolysis by a
factor of 10, whereas in 0.7M MOPSO, a three- to
fourfold rate enhancement was observed. Under more
alkaline conditions, the catalysis is more modest. The

ions at 90 8C and I¼1.0M


(k0) s
�1(b) (k2) dm


3mol�1 s�1(b)


(2.7� 0.5)� 10�6 (1.5� 0.1)� 10�5


(2.0� 0.2)� 10�6 (7.1� 0.3)� 10�6


(5� 2)� 10�6 (9� 4)� 10�6


(2.0� 0.4)� 10�6 (6.7� 0.8)� 10�6


(3.3� 0.5)� 10�6 (6� 1)� 10�6


(3.6� 0.3)� 10�6 (2.7� 0.1)� 10�5


(3.1� 0.8)� 10�6 (7� 2)� 10�6


(3.0� 0.2)� 10�4 (5.9� 0.4)� 10�4


(2.7� 0.2)� 10�4 (1.8� 0.3)� 10�4


(3.4� 0.4)� 10�4 c


(1.2� 0.3)� 10�4 c


conditions, as explained in the Experimental section.
kc versus c (buffer).
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Table 4. Kinetic parameters of the isomerization of 1a to 1b in buffer solutions at 90 8C and I¼ 1.0M (adjusted with NaCl)


Buffer Solvent pLa (k0) s
�1(b) (k2) mol s�1 dm�3(b)


20% fb Imidazole H2O 5.6 (8� 2)� 10�7 (1.2� 0.3)� 10�6


D2O 6.1 (6� 2)� 10�7 (7� 3)� 10�7


80% fb Imidazole H2O 6.8 (6.1� 0.4)� 10�7 (2.4� 0.8)� 10�7


D2O 7.3 (4.5� 0.4)� 10�7 (1.2� 0.8)� 10�7


20% fb MOPSO H2O 5.5 (6.6� 0.2)� 10�7 (8� 3)� 10�8


20% fb MOPSO D2O 6.1 (4.5� 0.1)� 10�7 (6.5� 0.9)� 10�8


80% fb MOPSO H2O 6.7 (5.0� 0.5)� 10�7 (1.4� 0.9)� 10�7


80% fb MOPSO D2O 7.3 (3.8� 0.3)� 10�7 (1.2� 0.6)� 10�7


a pL values have been calculated using pKa values extrapolated to experimental conditions, as explained in the Experimental section.
b k0 and k2 values have been obtained as the intercept and the slope of a plot of kc versus c (buffer).
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hydrolysis of 2 is promoted by a factor of 2.2 in 0.7M
glycine buffer, and in CHES buffers, the rate of the
cleavage rather decreases as the buffer concentration
increases.


No curvature of the kc versus c plots was observed in
the case of 2, even though such a phenomenon in the
imidazole promoted hydrolysis of cytidine 20,30-cyclic
monophosphate has been previously reported.8 This may
result from different reaction conditions or from the
inaccuracy of the data on the hydrolysis of 2. The
non-linear fit of the mole fraction of 2, that remained low
during the reaction, versus reaction time, is more likely to
be prone to errors than the more direct analysis methods,

Figure 1. Relative rate constants for the cleavage of 1a in
buffer solutions at 90 8C and I¼1.0M. Notation: &, imida-
zole 20% base; &, imidazole 80% base; ~, glycine 80%
base; *, MOPSO 20% base; *, MOPSO 80% base; !,
CHES 80% bas


Copyright # 2007 John Wiley & Sons, Ltd.

employed in the cases of cytidine 20,30-cyclic mono-
phosphate or 1a. Despite the relative inaccuracy, there is
no doubt that MOPSO buffers also promote the
hydrolysis. As an evidence of this, the maximal mole
fraction of the cyclic product formed by the cleavage of
the phosphodiester bond, decreased as the buffer
concentration increased.


The rate enhancement of the isomerization of 1a in
buffer solutions is even more modest than that of the
cleavage. Consistent with previous reports,2,9 on the
effect of imidazole concentration on the isomerization of
phosphodiesters bonds, 0.7M acidic imidazole (20%
base) promotes the isomerization by a factor of two, and
approximately, a 20–30% rate enhancement is observed
in basic imidazole buffer (80% base) at 0.7M concen-
tration. The difference between the catalytic activity of
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Figure 2. Relative rate constants for the cleavage of 5 in
buffer solutions at 60 8C. Notation:*, imidazole 20% base;
&, imidazole 80% base;*, MOPSO 20% base;&, MOPSO
80% base
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imidazole and MOPSO is observed also in the case of
isomerization, and MOPSO buffers promote the isomer-
ization only slightly, if at all.


DISCUSSION


Rate enhancing effect of buffers


The results presented above show that there is a clear
difference between the catalytic ability of imidazole and
sulphonic acid buffers in the cleavage of phosphodiesters.
While imidazole promotes the cleavage of phosphodiester
bonds and cyclic monophosphates, only the latter reaction
is enhanced in sulphonic acid buffers, and even then, the
rate enhancement is more modest than in imidazole. A
slight rate enhancement of the cleavage of phosphodiester
bonds of 2-methylbenzimidazole nucleoside alkyl and
aryl phosphates is observed in acidic MOPSO (20%
base), but MOPSO base is inactive as a catalyst. As
the pKa values of imidazole and MOPSO are nearly the
same, the ionic form of the substrate is the same in both
cases and, hence, the difference cannot be attributed to
different background reactions taking place in these
buffers.


The difference cannot be explained by significant
medium effects that mask the modest catalysis by
MOPSO or overemphasize the effect of imidazole, for
results obtained in the present work and those reported
previously suggest that these effects could be expected to

Copyright # 2007 John Wiley & Sons, Ltd.

work in an opposite direction. Under neutral conditions,
the cleavage of a phosphodiester bond may proceed via a
monoanionic or dianionic phosphorane species, and an
increasing imidazole concentration has previously been
shown to retard the latter reaction.2c,2e The effect of the
sulphonate buffers seems to be the opposite: the cleavage
of 1a in 10mM NaOH was slightly enhanced by an
increasing HEPES concentration. Furthermore, mixed
imidazole-MOPSO buffers (pH 6.2 at 90 8C) enhanced
the cleavage of 1a, under neutral conditions as efficiently
as imidazole buffers do. It can, therefore, be concluded
that sulphonic acid buffers do not exert medium effects
that hinder the cleavage of a phosphodiester bond taking
place, either via a dianionic or a monoanionic phosphor-
ane species.


The catalytic inactivity of MOPSO could be tentatively
attributed to its structure and charge. It could be
speculated that the tertiary nitrogen that is a part of a
morpholine ring cannot approach the substrate, close
enough to abstract a proton from the 20-hydroxyl of the
ribose ring or act as a general acid catalyst, donating a
proton to the substrate. Consistent with this suggestion,
MOPSO buffers promote the hydrolysis of the cyclic
monophosphate, where the general base can be suggested
to abstract a proton from a water molecule.10 The charge
repulsion may further prevent the interaction between
buffer species and a substrate. There is, however, no clear
correlation between the charge of the buffer species and
catalytic activity. CHES and glycine are both zwitterions/
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anions and yet, glycine buffers slightly promote the
cleavage of 1a, whereas CHES buffers do not. A high
negative charge does not prevent the catalysis either;
phosphate and citrate buffers also slightly enhanced the
cleavage of 1a, under neutral conditions.


Mechanism of imidazole catalysis


Previous studies have shown that under neutral con-
ditions, the imidazole catalysis of the cleavage of
phosphodiester bonds is a sequential process, where
one buffer component promotes the formation of the
phosphorane intermediate and the other one enhances the
decomposition of the phosphorane to cleavage products
(Scheme 2a).2 A first-order dependence on buffer
concentration is observed. A process, dependent on basic
imidazole only, most probably predominates in more
basic imidazole buffers (Scheme 2b).2e The results
obtained in the present work show that a reaction that
is second-order in imidazole concentration takes place, in
parallel with these first-order reactions. As is shown by
data in Figs 3 and 4, the plots of kc versus c obtained in
acidic imidazole (20% base) exhibit a clear upward
curvature, and the data can be fitted, according to an
equation that incorporates a second-order term (Eqn 2 in
the Experimental section).


The fit was performed to emphasize the trend observed,
rather than for a quantitative analysis, since the accuracy
of three parameters obtained from a fit of four points is
dubious and error limits are large. It can, however, be
estimated that at imidazole concentration of 0.7M, the
first-order and second-order processes are approximately
equally important. The suggested second-order catalysis
by imidazole is consistent also with the results obtained
in D2O solutions: A reaction that requires two proton
transfers could be expected to be less favorable
in D2O, and while the proportion of the second-order
process becomes significantly large in H2O solutions, a
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second-order process is not observed to any significant
extent in D2O solutions.


It could be argued that the curvature observed in
imidazole buffers results from medium effects, operating
in solutions of high buffer concentration, but this does not
seem likely. As discussed above, imidazole has been
shown to retard the buffer-independent reaction, which
should result in a negative deviation of the kc versus c
plots from linearity. Furthermore, a previous study on the
medium effects has shown that when the polarity of
the reaction solution is kept constant with dioxane, the
curvature of the k versus c plot is emphasized, while in the
absence of dioxane, the curvature was barely observa-
ble.2e The authors have suggested as one potential
explanation is that a medium effect by imidazole masks
the second-order catalysis and, therefore, the secon-
d-order catalysis is usually barely observed, if at all. The
results of the present work, particularly those obtained
in D2O solutions, strongly support the suggestion.


As was mentioned above, there most probably are two
different imidazole-dependent first-order reactions: the
sequential two-step process and the concerted reaction
that is dependent on imidazole base only. The mechanism
of the latter reaction is clear; an imidazole base
deprotonates the 20OH, a dianionic phosphorane is
formed and this unstable species is cleaved to the
cleavage products.2e In contrast, the exact mechanism of
the sequential first-order process has been a subject of
some disputation and different alternatives have been
proposed.2 Results obtained in the present work could be
regarded as indirect support for a mechanism, where the
first step, nucleophilic attack on the phosphate, is
promoted by a general acid (or by specific acid and
general base, which is the kinetic equivalent of general
acid catalysis). This suggestion is based on the fact that
the cleavage of 5 is promoted to any significant extent
only in acidic imidazole buffers, whereas practically, no
rate enhancement is observed in basic buffers. The
cleavage of 5 involves a departure of a good aryl leaving
group, which most probably is uncatalyzed. Therefore,
the only catalysis required would be at the first step.


A detailed mechanism of the second-order catalysis
cannot be proposed. The results obtained with the aryl
phosphate 5 suggest, however, that at least in that case,
the bifunctional catalysis operates on the first-step of
the reaction. Nucleophilic attack of the 20OH on the
phosphate has been suggested to be the rate-limiting step
of the cleavage of nucleoside aryl phosphates.11 The
departure of the leaving group takes place after
the rate-limiting step and catalysis on this step would
not be kinetically observed. One possible mechanism of
the second-order catalysis of the first step of the cleavage
reaction could be a protonation of the phosphate by
imidazolium ion, and an imidazole promoted nucleophi-
lic attack of the 20OH on the phosphate group. Both of
these elements have been proposed to be involved in the
catalysis by the RNase A enzyme.12
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Kinetic solvent deuterium isotope effects


The original aim to determine the kinetic solvent
deuterium isotope effects of buffer-dependent transester-
ification reactions of a phosphodiester bond of RNAwas
not fully achieved, due to the unexpected complexity of
the reaction system. To complicate the matters, different
reactions predominate in H2O and D2O solutions of
imidazole. Although the data obtained in imidazole
solutions could be fitted, according to an equation that
takes the second-order catalysis by imidazole into
account, the accuracy of the parameters does allow the
calculation of accurate kH/kD values. Some values can,
however, be obtained. The second-order catalysis plays a
minor role in basic imidazole and k2 values for the
imidazole catalysis could be obtained as the slopes of the
kc versus c plots. The kH/kD value of 2.3� 0.3 obtained,
most probably refers to a general base promoted cleavage
that has been suggested2e to predominate in basic
imidazole buffers. The kinetic solvent deuterium isotope
effect for the second-order reaction in imidazole
concentration is most probably much higher than that.
The k3 values obtained for the cleavage of the aryl ester 5
give a value of 7� 2, but this should be taken only as a
rough approximation. Corresponding value for the
cleavage the alkyl ester 1a could not be obtained,
because the second-order catalysis was not observed
in D2O solutions.


Rate enhancement of the isomeration of phosphodie-
ster bonds in imidazole buffers was very modest and no
kinetic solvent isotope effect could be observed. The
absence of an isotope effect cannot, however, be taken as
definite evidence against general acid/base catalysis in the
isomerization, for a previous study1 has shown that kH/kD
values for isomerization generally are of the order of
1.0–1.5, even though the reaction can be expected to
involve proton transfer processes between solvent and
substrate.


kH/kD values of the cleavage of 2, calculated from the
second-order rate constants obtained in imidazole and
glycine buffers are of the order of 3–3.5. These values are
well consistent with the value of 3.8, reported previously8


for the cleavage of 20,30-cyclic monophosphates of uridine
and cytidine, promoted by imidazole base. kH/kD values
obtained in MOPSO buffers are smaller, which may well
reflect the sterical hindrance of catalysis by sulphonate
buffers proposed above.

EXPERIMENTAL


Synthesis of the phosphodiesters


The synthesis of substrates 5 and 6 has been described
before1 and 1a was synthesized, following the procedure
reported previously for 6. A key intermediate in the

Copyright # 2007 John Wiley & Sons, Ltd.

synthesis is nucleoside 7, which is needed to prepare
building blocks 8 and 9a. Phosphoramidate chemistry
was employed to link the building blocks to prepare
phosphodiester 1a (Scheme 3). The syntheses of the two
nucleoside building blocks, 8 and 9a, and of the
phosphodiester 1a are described below.

1-(b-D-Ribofuranosyl)-
2-methylbenzimidazole (7)


Nucleoside 7 was synthesized, according to a procedure
of Vorbruggen12 from silyl protected 2-methylbenzimida-
zole and commercially available 1-O-acetyl-2,3,5-tri-O-
benzoyl- b-D-ribofuranoside (product of Sigma), with
SnCl4 as a catalyst. After the synthesis of theN-glycosidic
bond, the benzoyl protections were removed with
Na-methoxide in methanol. The product was character-
ized by 1H NMR spectroscopy.


1H NMR (DMSO, 500MHz) 7.83 (1H, H7); 7.52 (1H,
H4); 7.17–7.10 (2H, H5, H6); 5.77 (1H, H10); 5.46 (1H,
20OH); 5.35 (1H, 30OH); 5.19 (1H, 50OH) 4.35 (1H, H20);
4.12 (1H, H30); 3.95 (1H, H40); 3.69 (2H, H50, H500); 2.58
(3H, —CH3).

1-(2(,3(-Di-O-acetyl-b-D-ribofuranosyl)-2-
methylbenzimidazole (8)


50OH group of nucleoside 7 was protected with
dimethoxytrityl, and 20- and 30-hydroxyl groups with
acetyl protection, following the standard procedures of
protection of hydroxyl groups of nucleosides. The
dimethoxytrityl protection was then removed by hydro-
lyzing in 75% CH3COOH solution for 1 h at room
temperature. The product was purified on silica gel, using
5% methanol in dichloromethane as an eluent and
characterized by 1H NMR spectroscopy.


1H NMR (DMSO, 500MHz): d 7.96–7.92 (1H, H7);
7.56–7.52 (1H, H4); 7.21–7.15 (2H, H5, H6); 6.11 (1H,
H10); 5.52–5.45 (3H, H20, H30, OH50); 4.23 (1H, H40,);
3.82–3.73 (2H, H50, H500); 2.59 (3H, base —CH3); 2.15
(3H, acetyl CH3), 1.99 (3H, acetyl CH3).

1-(2(,5(-Di-O-tert-butyldimethylsilyl-b-D-
ribofuranosyl)-2-methylbenzimidazole
and 1-(3(,5(-di-O-tert-butyldimethylsilyl-
b-D-ribofuranosyl)-2-methylbenzimidazole (9a
and 9b)


Nucleoside 7 was reacted with two equivalents of
TBDMSCl in dry pyridine, with AgNO3 as a catalyst
for 6 h at room temperature. The product was purified on
silica gel, using a gradient elution from 3 to 30% MeOH
in CH2Cl2. The


1H NMR analysis of the product showed
that 20-O- (9a) and 30-O-TBDMS (9b) protected isomers
had been formed in 1:1.65 ratio (20:30). The isomers could
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not be separated, but an isomer mixture was used in
subsequent steps.


1H NMR (DMSO, 500MHz) 9a: d 7.87 (1H, H7); 7.53
(1H, H4); 7.19–7.13 (1H, H5); 7.12–7.05 (1H, H6); 5.85
(1H, H10); 5.19–5.14 (1H, 30OH); 4.41 (1H, H20); 4.10
(1H, H30); 4.07 (1H, H30); 3.9 (2H, H50, H500); 2.57 (3H,

Copyright # 2007 John Wiley & Sons, Ltd.

base —CH3), 1.0–0.9 (9H, 50-O—Si—C—CH3); 0.66
(9H, 20-O—Si—C—CH3); 0.15 (6H, 50-O—Si—CH3),
0.27 (3H, 20-O—Si—CH3), -0.45 (3H, 20-O—Si—CH3).


1H NMR (DMSO, 500MHz) 9b: 7.76 (1H, H7); 7.53
(1H, H4); 7.19–7.13 (1H, H5); 7.12–7.05 (1H, H6), 5.75
(1H, H10); 5.35 (1H, 20-\), 4.35 (1H, H20); 4.27 (1H, H30);
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4.02 (1H, H40); 3.9 (2H, H50, H500); 2.57 (3H, base
—CH3); 1.0–0.9 (18H, 50-and 30-O—Si—C—CH3); 0.15
(12H, 50-and 30-O—Si—CH3).

[1-deoxy-1C-(2-methylbenzimidazol-
1-yl)-b-D-ribofuranos-3-yl]-
[1-deoxy-1C-(2-methylibenzimidazol-1-yl)-b-D-
ribofuranos-5-yl] phosphate (1a)


Isomer mixture 9a,b, tetrazole and 2-cyanoethyl tetra-
isopropylphosphoramidate were stirred at 40 8C for 4 h,
after which nucleoside building block 8 was added as
a CH2Cl2 solution. The reaction solution was stirred for
additional 16 h. The product was oxidized to phosphate
using a mixture of iodine and lutidine in THF–
H2O solution. The reaction mixture was stirred at room
temperature for 4 h and then neutralized with NaHSO4


solution. The product was purified on silica gel with
3–10% methanol in CH2Cl2 as an eluent.


Base-labile protecting groups were removed in
methanolic ammonia by stirring the solution for 24 h
at room temperature. Reaction mixture was then
evaporated under reduced pressure and the residue was
co-evaporated, three times from anhydrous MeCN. The
TBDMS protection was removed with tetrabutylammo-
nium fluoride by stirring overnight at room temperature in
anhydrousMeCN. The product was purified by RP-HPLC
with acetic acid buffer (0.1M, pH 4.3), containing 11%
MECN as an eluent. Fractions were evaporated and
desalted using H2O–MeCN (89:11) mixture as an eluent.
Compounds were detected by a UV-detector at 254 nm.
The product was characterized by 1H NMR spectroscopy
and HRMS. The assignment of the signals was verified by
COSY. The subscripts a and b refer to 30- and 50-O-linked
nucleosides, respectively.


1H NMR (DMSO, 500MHz): d 7.74 (2H, H7a,b); 7.54
(2H, H4a,b); 7.0–7.2 (4H, H5a,b, H6a,b); 5.87 (2H, H1


0
a,b);


4.58 (1H, H30a); 4.35–4.45 (2H, H20a,b); 4.20 (1H, H30b);
4.08 (2H, H40a,b), 3.95–4.05 (2H, H50, H500a); 3.80–3.69
(2H, H50, H500b); 2.55-2.60 (6H, —CH3). HRMS:
589.1667 (found), 589.1700 (calculated for C27H32N4O10P).

Preparation of buffer solutions


Buffer systems used in the experiments were imidazole,
MOPSO (3-(N-morpholino)-2-hydroxypropanesulphonic
acid, CHES (2-(cyclohexylamino)ethanesulphonic acid),
glycine, and HEPES (4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid). All buffer solutions were prepared in
freshly distilled water by diluting from a stock solution.
NaOH was used to adjust the buffer ratio of CHES,
MOPSO and glycine buffers, and HCl, in the case of
imidazole buffers. Ionic strength was adjusted with NaCl.
Deuterated buffer components were prepared by evapor-
ating the protiated form three times from D2O. The buffer
ratio of deuterated buffers was adjusted with NaOD

Copyright # 2007 John Wiley & Sons, Ltd.

(40wt % in D2O, 99% D) or DCl (20wt % in D2O, 99.5%
D. Deuterated solutions were stored in desiccator.


pKa values of the buffer systems under the experimen-
tal conditions (T and I) were calculated, using the
temperature and ionic effect dependence data found in the
literature. pKa values obtained are: imidazole: 6.2 at 90 8C
and 6.7 at 60 8C;13 MOPSO: 6.1 at 90 8C and 6.4 at
60 8C;14 CHES: 8.2 at 90 8C;15 and glycine: 8.3 at
90 8C.16,17 pKa values in D2O were calculated using the
DpKa ((pKa (H2O)� pKa (D2O)) values: of 0.4918 for
imidazole and 0.6319 for glycine. In the cases of MOPSO
and CHES, values of 0.6220 reported for morpholinium
ion and 0.6820 reported for cyclohexylammonium ion
were used, respectively.


HPLC analysis


Aliquots withdrawn from the reaction solutions were
cooled on an ice bath and kept in a freezer, until analyzed.
The analysis was carried out using a Waters
AtlantisTM dC18 column (4.6� 150mM, particle size
5mM). Samples of 1a were analyzed by employing a
step-wise eluation: first acetic acid buffer (0.06M, pH 4.6,
I¼ 0.1Mwith NaClO4) for 11min, then acetic acid buffer
containing 15% of acetonitrile for 10min. In the case of 5,
the eluation was isocratic and the eluent contained 13% of
acetonitrile. The flow rate was 1.5mlmin�1 and the
reaction components were detected at 245 nm.

Calculation of rate constants


Observed first-order rate constants for the cleavage were
calculated from the decrease of the signal area, as a
function of time using the integrated first-order rate law.
The proportion of the depurination was calculated on
the basis of the signal area of 2-methylbenzimidazole
base released. The rate constants for the depurination
were subtracted from the kobs values to give the rate
constants for the cleavage of the phosphodiester bond
(kc). First-order rate constants for the isomerization were
calculated, as has been reported before.2e First-order
rate constants for the hydrolysis of the cyclic monophos-
phate 3 were calculated, using the rate law of consecutive
first-order processes (Eqn 1),21 where x is the mole
fraction of the cyclic monophosphate product, a1 the
observed first-order rate constant for the cleavage of 1a
(kc), and k1 and k2 the first-order rate constants for
formation and hydrolysis of the cyclic monophosphate.


x ¼ ðexpð�a1 � tÞ � expð�k2 � tÞÞ � k1
k2 � a1


(1)


Second-order rate constants for buffer-dependent
reactions and first-order rate constants for the uncatalyzed
reactions were obtained, as slopes and intercepts of kc
versus c (buffer) plots. The data obtained in imidazole
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buffers were fitted according to Eqn (2), which is adapted
from that reported by Eftinkt and Biltonen.8


kc ¼ k0 þ
k2 � cT
a


þ k3 � b � c2T
a


(2)


In Eqn (2), cT is the concentration of imidazole buffer,
a¼ 1þ [Hþ]/Kim and b¼ ([Hþ]/Km)/(1þ [Hþ]/Km). kc is
the observed first-order rate constant for the cleavage and
k0 is the first-order rate constant for the uncatalyzed
reaction. k2 and k3 are the rate constants for cleavage
reactions, showing a first-order and second-order depen-
dence on imidazole concentration.
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ere measured for a set of six isomers—the cis and trans 2-, 3-, and
ical shifts were computed at the B3LYP, WP04, WC04, and PBE1


density functional levels for the same compounds, taking into account the Boltzmann distribution among confor-
mational isomers (chair–chair forms and hydroxyl rotamers). The experimental versus computed chemical shift values
for proton and carbon were compared and evaluated (using linear correlation (r2), total absolute error (jDdjT), and
mean unsigned error (MUE) criteria) with respect to the relative ability of each method to distinguish between cis and
trans stereoisomers for each of the three constitutional isomers. For 13C shift data, results from the B3LYP and PBE1
density functionals were not sufficiently accurate to distinguish all three pairs of stereoisomers, while results using the
WC04 functional did do so. For 1H shift data, each of the WP04, B3LYP, and PBE1 methods was sufficiently accurate
to make the proper stereochemical distinction for each of the three pairs. Applying a linear correction to the computed
data improved both the absolute accuracy and the degree of discrimination for most of the methods. The nature of the
cavity definition used for continuum solvation had little effect. Overall, use of proton chemical shift data was more
discriminating than use of carbon data. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/v20.html

KEYWORDS: NMR; density functional theory

INTRODUCTION


Stereochemical features influence the properties of
organic molecules, often in quite important ways (e.g.,
biological activity). The identification of stereocenters
and the assignment of their relative and absolute
configurations is a key step in the structure determination
of new compounds, whether natural (e.g., newly
identified natural-products) or synthetic (e.g., product(s)
of a reaction in a target-driven synthetic approach to a
natural product or a drug candidate).


Because stereochemistry influences the local environ-
ment about magnetically active nuclei, nuclear magnetic
resonance (NMR) can be a useful technique for the
assignment of configuration of stereocenters. However,
differences in chemical shifts (and coupling constants)

to: Thomas R. Hoye or Christopher J. Cramer,
hemistry and Supercomputing Institute, University
207 Pleasant St. SE, Minneapolis, Minnesota
.
em.umn.edu
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among various stereoisomers can be small and are not
always easily rationalized. Moreover, in most instances
spectra are not available for the set of all possible
stereoisomers. In the absence of having an opportunity to
make comparisons between the spectra of any pair of
diastereomers, it is often a challenge to assign relative
configuration based solely on analysis of the NMR spectra
(typically, 1H and 13C) of the single isomer in hand.


Comparison, when available, of NMR data for a new
compound with that from a close structural relative is
often very valuable. This simple concept was a major
driving principle behind the development of Kishi’s
powerful ‘universal NMR database’ approach for assign-
ment of stereostructure to complex molecules.1 This
protocol, however, requires the synthesis of libraries of
diastereomeric compounds and is, therefore, limited to
compound classes that have a ubiquitous constitution.


Quantum mechanical calculations permit the predic-
tion of NMR chemical shifts, and the use of such
computations to support the interpretation and assign-
ment of NMR spectra has grown in recent years.2 Such an
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approach is attractive since it is inherently unlimited in
the constitutional setting in which it is applied. For small
to medium-sized molecules (those having molecular
weights of �100–500) density functional theory (DFT) is
the quantum mechanical method that best combines
efficiency with computational accuracy.3 Comparison of
DFT predictions to experimental NMR data has in several
instances facilitated assignment of structure and relative
stereochemical configurations.4


In a prior paper,5 we reported the design of the WP04
and WC04 density functionals, which were developed
specifically for the accurate prediction of 1H and
13C chemical shifts, respectively, of organic molecules
in deuterochloroform. A training set of �40 simple,
common organic compounds was used to guide the
development of those functionals. We also briefly
summarized measured and computed 1H and
13C chemical-shift profiles for a set of methylated
cyclohexanols 1, namely the cis- and trans-2-, 3-, and
4-methylcyclohexanols (six isomers total, 2c/t–4c/t,
Fig. 1). However, that earlier report did not include a
study of the relative ability of different functionals to
distinguish between pairs of cis- and trans-stereoisomers in
this series. We chose the series of methylated cyclohex-
anols as a test set for this purpose because they are
conformationally tractable, have relatively small shift
differences between the cis and trans stereoisomers, and
incorporate substructural elements that are related, by
extrapolation, to a wide variety of molecules. Below we
provide a complete analysis of the utility of various
theoretical models (including some not previously assessed
in Ref. [5]) for the assignment of stereochemistry in 2–4.

COMPUTATIONAL METHODS


Each methylcyclohexanol was modeled as a family of
conformers characterized by different dihedral angles
about the C—O bond (to generate hydroxy rotamers) and
different chair forms. The six conformers for cis-2-
methylcyclohexanol (2c) are illustrated in Fig. 2. Con-
former geometries were fully optimized at the density
functional level of theory employing the hybrid gener-
alized gradient approximation (GGA) functional B3LYP6


and the 6-31G(d) basis set.7 Chloroform solvation effects
were always used via the integral equation formalism
polarized continuum model (IEFPCM).8 Substrate

Copyright # 2007 John Wiley & Sons, Ltd.

solvation cavities were generated using either united-
atom radii9 (UA0) or individual atomic radii (using the
values of Bondi)10 and their effects compared.


For each optimized geometry, 1H and 13C chemical
shifts relative to TMS were computed using the gauge
including atomic orbitals (GIAO) formalism and the basis
set 6–311þG(2d,p). We examined four hybrid general-
ized gradient approximation functionals, namely, B3LYP,
WP04,5 WC04,5 and PBE1.11 Population-averaged
chemical shifts for each family of conformers were
computed assuming Boltzmann statistics using B3LYP/
6-311þG(2d,p) free energies including IEFPCM chloro-
form solvation effects computed with Bondi-radii derived
cavities unless specified otherwise (note that WP04 and
WC04 were designed for chemical-shift predictions, and
not for accurate energetic predictions). A pruned (75 302)
integration grid containing 75 radial shells and 302
angular points per shell (approximately 7000 points for
each atom) was used throughout the study. Density
functional calculations were carried out using the
Gaussian 03 suite of electronic structure programs.12

RESULTS AND DISCUSSION


Assigning relative configuration


Because of their semi-rigid nature and well-defined
equilibria,13 we considered the methylcyclohexanols
2c/t–4c/t (Fig. 3) to be ideal for evaluating the utility
of different DFT protocols for making stereochemical
assignments. Moreover, the relatively small differences
between chemical shifts of analogous atoms in different
stereoisomers was judged to pose a significant challenge
for using agreement between theory and experiment as an
assignment protocol.


Structures 2c/t–4c/t are subject to chair–chair inter-
conversion equilibria (Fig. 3) that, in addition to hydroxyl
rotameric equilibria (cf. Fig. 2), were accounted for
through Boltzmann-averaging of computed chemical
shifts using computed energies. For each conformer, the
computed 1H chemical shift for the protons of its methyl
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group were averaged arithmetically to reflect their
equivalence owing to free rotation of that group at
298 K. Twist-boat conformers were also located at the
IEFPCM/B3LYP/6-31G(d) level. Their relative energies
were never less than 5.1 kcal/mol above the global
minimum, however, and on that basis they were not
included in the Boltzmann average.

Table 1. Correlation matrices between IEFPCM/B3LYP/6-311þG
chemical shiftsa


2ccomp 2tcomp 3ccomp


2cexp 0.9971 0.8334 3cexp 0.9950
0.54 (0.04) 3.03 (0.23) 0.66 (0.05)


2texp 0.8167 0.9957 3texp 0.8856
3.55 (0.27) 0.48 (0.04) 3.15 (0.24)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parenthe


Table 2. Correlation matrices between IEFPCM/WP04/6-311þG
chemical shiftsa


2ccomp 2tcomp 3ccomp


2cexp 0.9985 0.9050 3cexp 0.9899
0.70 (0.05) 2.54 (0.20) 1.09 (0.08)


2texp 0.8098 0.9843 3texp 0.9310
3.42 (0.26) 0.95 (0.07) 2.83 (0.22)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parenthe


Copyright # 2007 John Wiley & Sons, Ltd.

The utility of the computed chemical shifts for
distinguishing between relative configurations of stereo-
isomeric methylcyclohexanols was quantified based on
correlation coefficients (r2) deriving from linear
regression of computed chemical shifts on experimental
values and also the total absolute error between
theoretical and experimental chemical shifts (jDdjT) for
all of the atoms evaluated [7 carbon atoms, 13 hydrogen
atoms (OH not done)]. Calculated mean unsigned error
(MUE) values were also used to compare the per atom
performance of the various methods employed.


In Tables 1–3, the correlation matrices between
theoretical and experimental hydrogen chemical shifts
are shown for the three pairs of stereoisomers (there is
little ambiguity in assigning constitutional isomers and
we do not discuss this point further). As the data presented
in Table 1 indicate, for all stereochemical pairs, the
B3LYP method (with chloroform solvation effects
included) was able convincingly to distinguish relative
configuration (i.e., cis- vs. trans-) for all three pairs of
diastereomers. Consider the comparison data in Table 1
for 2c, namely, the experimental shift data for 2c (2cexp)
versus the computed shifts for each of 2c and 2t (2ccomp


and 2tcomp). The first row of data shows the correlation
coefficient (r2) for the comparison of the 13 protons
(which is excellent for the matched pair); the second row
lists the total absolute error (�6 times larger for the
mismatched); the third row shows the MUE (which is
simply the second row entry divided by 13) and indicates
the magnitude of the chemical shift error per proton. The
data for all entries in all the Tables are presented in this
format. The correlation coefficient comparisons strongly
favor the matched set for all six of the methylcyclohex-
anols. Likewise, the mean total absolute error (as well as
MUE) comparisons also consistently favor the matched
pair and to a remarkably similar extent (i.e., by a factor of
�6–8) for all three diastereomeric pairs. This B3LYP

(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 1H NMR


3tcomp 4ccomp 4tcomp


0.8763 4cexp 0.9993 0.8335
3.45 (0.26) 0.42 (0.03) 3.24 (0.25)


0.9990 4texp 0.8744 0.9983
0.44 (0.03) 3.03 (0.23) 0.52 (0.04)


ses).


(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 1H NMR


3tcomp 4ccomp 4tcomp


0.8717 4cexp 0.9975 0.9279
3.35 (0.26) 1.18 (0.09) 2.79 (0.21)


0.9979 4texp 0.8675 0.9938
1.04 (0.08) 3.00 (0.23) 1.05 (0.08)


ses).
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Table 3. Correlation matrices between IEFPCM/PBE1/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 1H NMR
chemical shiftsa


2ccomp 2tcomp 3ccomp 3tcomp 4ccomp 4tcomp


2cexp 0.9977 0.8332 3cexp 0.9951 0.8789 4cexp 0.9996 0.9004
0.50 (0.04) 3.11 (0.24) 0.91 (0.07) 3.37 (0.26) 0.78 (0.06) 3.17 (0.24)


2texp 0.8190 0.9967 3texp 0.8839 0.9992 4texp 0.8782 0.9958
3.49 (0.27) 0.68 (0.05) 3.41 (0.26) 0.76 (0.06) 3.03 (0.23) 1.01 (0.08)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parentheses).
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method had an average difference between theory and
experiment for the matched versus the mismatched
pairings of 0.1441 units for r2 and 2.73 ppm for the total
absolute error jDdjT.


Comparisons of computed and experimental 1H shifts,
and the linear regressions of the former on the latter for
different relative configurations, are illustrated in Fig. 4
for the 2c/t pair at the IEFPCM/B3LYP/6-311þG(2d,p)//
IEFPCM/B3LYP/6-31G(d) level (Table 1 data). The
better linear relationships associated with the correct
stereochemical pairings are evident from visual inspec-
tion, and also from the slopes and intercepts of the best-fit
lines, which should ideally be exactly 1 and 0,
respectively.


Similarly in Tables 2 and 3, the WP04 and PBE1
methods (including chloroform solvation effects) were
also able to convincingly distinguish relative configur-
ation within all three stereochemical pairs. WP04 had an
average difference between theory and experiment of

Figure 4. An example (2c vs. 2t) of a regression comparison of th
the basis for the statistics in Table 1


Copyright # 2007 John Wiley & Sons, Ltd.

0.1082 units for r2 and 1.99 ppm for the total absolute
error jDdjT, while PBE1 yielded values of 0.1318 units
and 2.49 ppm, respectively. Each of the three methods
employed for computing 1H chemical shifts was decisive
in its ability to distinguish between pairs of stereoisomers.
Plots similar to Fig. 4 can be generated in each case, but in
the interests of brevity we do not present them here.


Even though each method used for computing 1H shifts
did an excellent job of distinguishing stereoisomeric
pairs, such was not the case for the various methods we
studied for 13C chemical shifts. In particular, compu-
tations using either the B3LYP or the PBE1 method were
inadequate. For example, as shown in Table 4 (for
B3LYP), although the r2 values for comparison of the
experimental data for 2t (2texp) versus the computed shifts
for each of 2c and 2t (2ccomp and 2tcomp) indicate a better
fit for the correct stereoisomeric pairings, the total
absolute error criterion (jDdjT) leads to an incorrect
prediction. In the comparison of the experimental data for

eoretical and experimental 1H chemical shift data that form
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Table 4. Correlation matrices between IEFPCM/B3LYP/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 13C NMR
chemical shiftsa


2ccomp 2tcomp 3ccomp 3tcomp 4ccomp 4tcomp


2cexp 0.9958 0.9875 3cexp 0.9933 0.9943 4cexp 0.9931 0.9831
33.2 (4.7) 57.8 (8.3) 33.4 (4.8) 15.4 (2.2) 33.1 (4.7) 53.1 (7.6)


2texp 0.9928 0.9953 3texp 0.9658 0.9917 4texp 0.9809 0.9936
10.7 (1.5) 33.4 (4.8) 51.5 (7.4) 33.5 (4.8) 13.8 (2.0) 33.3 (4.8)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parentheses).
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3c (3cexp) versus the computed 3ccomp and 3tcomp values,
both the r2 and jDdjT criteria lead to an incorrect
prediction. Similarly, in the comparison of the exper-
imental data for 4t (4texp) versus the computed 4ccomp and
4tcomp values, both the r2 and jDdjT criteria lead to an
incorrect prediction. As shown in Table 5, 13C chemical
shifts computed at the PBE1 level also failed to
distinguish unambiguously between some of the stereo-
isomeric pairs.


Given the failure of the B3LYP or the PBE1 methods,
we next examined the performance of our WC04
functional, which was specifically developed for the
purpose of computing 13C shifts with greater accuracy.5


As shown in Table 6, the WC04 method is indeed able to
differentiate all of the methylcyclohexanol stereoisomeric
pairs convincingly with an average difference of 0.0100
units for r2 and 9.8 ppm for the total absolute error jDdjT.
Figure 5 illustrates the regressions summarized in Table 6
for the 2c/t pair.

Linear correction of computed chemical shifts


Linear corrections of computed chemical shifts have been
found to be useful for correcting systematic errors
associated with particular density functionals to improve

Table 5. Correlation matrices between IEFPCM/PBE1/6-311þG(
chemical shiftsa


2ccomp 2tcomp 3ccomp


2cexp 0.9975 0.9899 3cexp 0.9951
20.7 (3.0) 44.7 (6.4) 20.2 (2.9)


2texp 0.9937 0.9971 3texp 0.9696
8.6 (1.2) 20.3 (2.9) 38.3 (5.5)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parenthe


Table 6. Correlation matrices between IEFPCM/WC04/6-311þG
chemical shiftsa


2ccomp 2tcomp 3ccomp


2cexp 0.9981 0.9929 3cexp 0.9987
14.7 (2.1) 27.7 (4.0) 11.2 (1.6)


2texp 0.9918 0.9973 3texp 0.9858
21.8 (3.1) 14.0 (2.0) 21.6 (3.1)


a Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parenthe
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accuracy.4h,5,14 The utility of these corrections was
examined here with respect to improving the stereo-
chemical distinctions in the stereoisomeric methylcyclo-
hexanol pairs. In particular, the linear corrections listed in
Table 7 were applied to raw 1H and 13C chemical shift
values (dcomp) obtained with each of the functionals we
studied; corrected predictions (dcorr) were determined
according to:


dcorr ¼ m � dcomp þ b (1)


where m is the slope and b the intercept specific to a
particular functional/basis set combination. These values
were determined previously from best fits over 43
molecules in a training set containing diverse organic
functionality.5


When the appropriate linear correction is applied to the
computed 1H chemical shifts from each of the B3LYP,
WP04, and PBE1 methods (Tables 8–10) the accuracy
(jDdjT) improves slightly for most of the comparisons (cf.
Tables 1–3 vs. 8–10; note that the correlation coefficient
for linear regression of predicted data on experimental
data is unchanged by application of Eqn (1) to the
predicted data, so r2 is not reported in Tables 8–13).
Importantly, use of this correction does not diminish the
ability of any of the methods to distinguish between
diastereomeric pairs.

2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 13C NMR


3tcomp 4ccomp 4tcomp


0.9946 4cexp 0.9961 0.9837
6.6 (0.9) 20.3 (2.9) 38.4 (5.5)
0.9943 4texp 0.9837 0.9921


20.5 (2.9) 10.1 (1.4) 18.6 (2.7)


ses).


(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 13C NMR


3tcomp 4ccomp 4tcomp


0.9855 4cexp 0.9993 0.9862
18.3 (2.6) 10.5 (1.5) 23.3 (3.3)


0.9990 4texp 0.9885 0.9983
11.4 (1.6) 19.0 (2.7) 10.9 (1.6)


ses).
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Table 7. Slope (m, unitless) and intercept (b, ppm) values
for linear correction of chemical shifts predicted from various
levels of theorya


Theory


13C 1H


m b m b


B3LYP 0.9488 �2.1134 0.9333 0.1203
WP04 0.9601 �3.0273 0.9587 0.1127
WC04 1.0032 �0.9647 0.9451 0.1157
PBE1 0.9486 �1.270 0.9169 0.1895


a For use with IEFPCM/Theory/6-311þG(2d,p)//IEFPCM/B3LYP/
6-31G(d). See reference 5


Figure 5. An example (2c vs. 2t) of a regression comparison of theoretical and experimental 13C chemical shift data that form
the basis for the statistics in Table 6
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Linear correction also improves the accuracy (MUE) of
the computed 13C shifts for each of the B3LYP, WC04,
and PBE1 methods (Tables 11–13). In addition, the ability
of the B3LYP and PBE1 methods to distinguish between
pairs of stereoisomers improves (compare Tables 11 to 4
and 12 to 5), albeit not to perfection. In particular, the
B3LYP method still fails for the 3c/t pair even after
application of the appropriate linear correction. The

Table 8. Correlation matrices between linearly corrected IEFPCM
imental 1H NMR chemical shiftsa


2ccorr 2tcorr 3ccorr


2cexp 0.66 (0.05) 3.12 (0.24) 3cexp 0.68 (0.05)
2texp 3.29 (0.25) 0.53 (0.04) 3texp 3.17 (0.24)


a Data are reported as jDdjT (ppm, italic) and MUE (ppm, parentheses).
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WC04 method, after correction, continues successfully to
distinguish all pairs of stereoisomers (Table 13).

Comparison of the use of 1H-
versus13C-chemical shifts to distinguish
stereoisomers


To assess the relative merits of using proton versus carbon
chemical shifts, we compared the average ratios of the
total absolute error values (jDdjT. Namely, these ratios for
the incorrect to correct pairings of configurations [for
linearly corrected hydrogen (Tables 8–10) and carbon
(Tables 11–13), and across all of the different protocols]
are 5.4 for proton and 2.9 for carbon. Thus, 1H chemical
shifts are about twice as effective in their ability to
discriminate the stereochemical differences in these
systems as are 13C chemical shifts. This ability may
justify the use of hydrogen-based comparisons for
compounds structurally related to those studied here. It
is true that more often than for proton, 13C NMR

/B3LYP/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and exper-


3tcorr 4ccorr 4tcorr


3.28 (0.25) 4cexp 0.33 (0.03) 2.94 (0.23)
0.57 (0.04) 4texp 3.08 (0.24) 0.42 (0.03)


J. Phys. Org. Chem. 2007; 20: 345–354


DOI: 10.1002/poc







Table 10. Correlation matrices between linearly corrected IEFPCM/PBE1/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and exper-
imental 1H NMR chemical shiftsa


2ccorr 2tcorr 3ccorr 3tcorr 4ccorr 4tcorr


2cexp 0.75 (0.06) 3.14 (0.24) 3cexp 0.77 (0.06) 3.11 (0.24) 4cexp 0.40 (0.03) 2.62 (0.20)
2texp 3.20 (0.25) 0.60 (0.05) 3texp 3.19 (0.24) 0.46 (0.04) 4texp 3.10 (0.24) 0.52 (0.04)


a Data are reported as jDdjT (ppm, italic) and MUE (ppm, parentheses).


Table 9. Correlation matrices between computed linearly corrected IEFPCM/WP04/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d)
and experimental 1H NMR chemical shiftsa


2ccorr 2tcorr 3ccorr 3tcorr 4ccorr 4tcorr


2cexp 0.39 (0.03) 2.50 (0.19) 3cexp 0.88 (0.07) 3.14 (0.24) 4cexp 0.64 (0.05) 2.42 (0.19)
2texp 3.21 (0.25) 0.79 (0.06) 3texp 2.64 (0.20) 0.56 (0.04) 4texp 3.03 (0.23) 0.70 (0.05)


a Data are reported as jDdjT (ppm, italic), and MUE (ppm, parentheses).


Table 11. Correlation matrices between linearly corrected IEFPCM/B3LYP/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and
experimental 13C NMR chemical shiftsa


2ccorr 2tcorr 3ccorr 3tcorr 4ccorr 4tcorr


2cexp 8.5 (1.2) 29.3 (4.2) 3cexp 8.0 (1.1) 14.8 (2.1) 4cexp 8.0 (1.1) 26.6 (3.8)
2texp 20.3 (2.9) 7.9 (1.1) 3texp 24.5 (3.5) 8.8 (1.3) 4texp 20.3 (2.9) 7.2 (1.0)


a Data are reported as jDdjT (ppm, italic) and MUE (ppm, parentheses).


Table 12. Correlation matrices between linearly corrected IEFPCM/PBE1/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and exper-
imental 13C NMR chemical shiftsa


2ccorr 2tcorr 3ccorr 3tcorr 4ccorr 4tcorr


2cexp 5.0 (0.7) 22.7 (3.2) 3cexp 7.2 (1.0) 20.0 (2.9) 4cexp 5.0 (0.7) 18.4 (2.6)
2texp 25.5 (3.6) 6.1 (0.9) 3texp 19.6 (2.8) 6.7 (1.0) 4texp 23.8 (3.4) 8.6 (1.2)


a Data are reported as jDdjT (ppm, italic) and MUE (ppm, parentheses).
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spectroscopy gives rise to spectra in which all resonances
are uniquely observable. However, the following points
should not be overlooked: (i) the full set of resonances
does not need to have been observed in order to apply
the methods described here, (ii) with the ever-
increasing level of access to higher-field NMR instru-
ments, ever-increasing percentages of proton resonances
are routinely observable in 1H NMR spectra, (iii) because
of routinely available coupling constant values in
1H spectra,15assignment of proton resonances is usually
more straightforward than for carbon, and (iv) in order to
fully assign the carbon resonances, one typically relies
upon the use of HMQC and HMBC, through which the

Table 13. Correlation matrices between linearly corrected IE
experimental 13C NMR chemical shiftsa


2ccorr 2tcorr 3ccorr


2cexp 11.4 (1.6) 23.1 (3.3) 3cexp 9.0 (1.3)
2texp 25.3 (3.6) 11.8 (1.7) 3texp 17.1 (2.4)


a Data are reported as jDdjT (ppm, italic) and MUE (ppm, parentheses).


Copyright # 2007 John Wiley & Sons, Ltd.

proton shift assignments, even for overlapping resonances
in the 1H spectra of complex molecules, are simul-
taneously revealed. Taken together, these points further
argue for the preferential use, if possible, of proton
chemical shifts for assigning/distinguishing relative
configuration of diastereoisomers.

Comparison of two solvation model cavities


All of the DFT calculations described above were carried
out using an all-atom molecular cavity computed from
atomic Bondi radii. The sensitivity of the predictions to

FPCM/WC04/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and


3tcorr 4ccorr 4tcorr


20.8 (3.0) 4cexp 6.0 (0.9) 18.5 (2.6)
8.7 (1.2) 4texp 21.5 (3.1) 7.6 (1.1)
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Table 14. Correlation matrices between IEFPCM/WP04/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 1H NMR
chemical shiftsa,b


2ccomp 2tcomp 3ccomp 3tcomp 4ccomp 4tcomp


2cexp 0.9954 0.9077 3cexp 0.9854 0.8565 4cexp 0.9907 0.9341
0.69 (0.05) 2.46 (0.19) 1.17 (0.09) 3.62 (0.28) 1.25 (0.10) 2.59 (0.20)


2texp 0.7867 0.9806 3texp 0.9402 0.9939 4texp 0.8443 0.9876
3.69 (0.28) 0.96 (0.07) 2.69 (0.21) 1.07 (0.08) 3.36 (0.26) 1.17 (0.09)


a Data are reported as r2 (unitless), jDdjT (ppm, italic) and MUE (ppm, parentheses).
b IEFPCM cavities constructed from UA0 radii.
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variation of the molecular cavity was assessed by
repeating the calculations using a united-atom (UA0)
molecular cavity (in this cavity, radii for the heavy atoms
are adjusted based on the number of attached hydrogen
atoms such that these lighter atoms are fully encompassed
by the heavy-atom radii; an advantage of this approach is
that some numerical stability is associated with fewer
spherical intersections defining the cavity surface).
Correlation matrices for theoretical and experimental
hydrogen chemical shifts using the UA0 cavity are shown
in Table 14. For all stereochemical pairs, the WP04
method using the united-atom cavity continued to be able
to distinguish relative configuration with an average
difference of 0.1107 for r2 and 2.02 ppm for the average
total absolute error between theory and experiment jDdjT.
The average MUE of the computations for stereochemical
matches using the united-atom cavity (0.080 ppm) was
nearly the same as that obtained using the all-atom cavity
(0.075 ppm, Table 2) indicating a lack of sensitivity to the
nature of the solvation cavity for this method.


The WC04 model was also examined with the
united-atom cavity (Table 15). WC04 continues to be

Table 15. Correlation matrices between IEFPCM/WC04/6-311þG
chemical shiftsa,b


2ccomp 2tcomp 3ccomp


2cexp 0.9975 0.9917 3cexp 0.9976
15.2 (2.2) 27.9 (4.0) 10.7 (1.5)


2texp 0.9897 0.9957 3texp 0.9862
23.8 (3.4) 15.1 (2.2) 21.0 (3.0)


a,b Data are reported as r2 (unitless), jDdjT (ppm, italic) and MUE (ppm, parenth
d IEFPCM cavities constructed from UA0 radii.


Table 16. Single conformer correlation matrices between IEFPCM
imental 1H NMR chemical shiftsa,b


2ccomp 2tcomp 3ccomp


2cexp 0.9846 0.9285 3cexp 0.9715
0.95 (0.07) 2.31 (0.18) 1.43 (0.11)


2texp 0.7611 0.9228 3texp 0.9515
3.76 (0.29) 2.36 (0.18) 2.60 (0.20)


a,b Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parent
a IEFPCM cavities constructed from UA0 radii.
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able to distinguish relative configuration for all stereo-
chemical pairs with an average difference of 0.0107 for r2


and 10.4 ppm for the average total absolute error between
theory and experiment jDdjT. The average MUEs of the
computations using the united-atom and all-atom cavities
(Table 6) were 1.75 and 1.73 ppm respectively, indicating
that WC04 is not particularly sensitive to this variable.


Error introduced by using only the global
minimum energy conformer


Although a complete conformational search is in principle
advisable for any organic molecule, one may ask the degree
of error introduced by using only a single conformation. The
best choice of a single conformation is arguably the global
minimum energy conformer. For 2c, 3t, and 4cwe examined
this point specifically (for the other three stereoisomers, the
trans-diaxial conformation is so high in energy that it
contributes negligibly to the population average).


Data for 1H and 13C NMR chemical shifts at the WP04
and WC04 level, respectively, are provided in Tables 16

(2d,p)//IEFPCM/B3LYP/6-31G(d) and experimental 13C NMR


3tcomp 4ccomp 4tcomp


0.9819 4cexp 0.9985 0.9840
20.1 (2.9) 10.6 (1.5) 22.3 (3.2)


0.9985 4texp 0.9874 0.9974
11.1 (1.6) 20.4 (2.9) 10.3 (1.5)


eses).


/WP04/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and exper-


3tcomp 4ccomp 4tcomp


0.8670 4cexp 0.9836 0.9459
3.55 (0.27) 1.55 (0.12) 2.47 (0.19)


0.9904 4texp 0.8411 0.9794
1.42 (0.11) 3.39 (0.26) 1.26 (0.10)


heses).
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Table 17. Single conformer correlation matrices between IEFPCM/WC04/6-311þG(2d,p)//IEFPCM/B3LYP/6-31G(d) and exper-
imental 13C NMR chemical shiftsa,b


2ccomp 2tcomp 3ccomp 3tcomp 4ccomp 4tcomp


2cexp 0.9988 0.9904 3cexp 0.9947 0.9706 4cexp 0.9908 0.9807
19.4 (2.8) 27.2 (3.9) 11.1 (1.6) 22.1 (3.2) 13.6 (1.9) 21.4 (3.1)


2texp 0.9728 0.9920 3texp 0.9833 0.9934 4texp 0.9738 0.9926
28.7 (4.1) 17.8 (2.5) 19.8 (2.8) 14.2 (2.0) 22.7 (3.2) 10.9 (1.5)


a,b Data are reported as r2 (unitless), jDdjT (ppm, italic), and MUE (ppm, parentheses).
c IEFPCM cavities constructed from UA0 radii.
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and 17. As can be seen in Table 16 for computed 1H shifts,
use of a single conformer did not prevent the method from
successfully making all stereochemical distinctions.
However, accuracy did suffer slightly as is apparent
from the average MUE value for stereochemical matches
(0.11 ppm, Table 16) as compared to the average MUE
obtained using the full conformer complement (0.08 ppm,
Table 14). For computed 13C shifts again a larger average
MUE for the correct stereochemical matches was
obtained using a single isomer (2.1 ppm, Table 17) as
compared to those computations using the full conformer
complement (1.8 ppm, Table 15).

CONCLUSIONS


Comparison of computed and experimental 1H and 13C
NMR chemical shifts can offer a decisive basis for
stereochemical assignment of pairs of diastereoisomers
like the cis- and trans-isomers of 2-, 3-, and
4-methylcyclohexanol. The use of density functionals
specifically designed for the prediction of chemical shift
data (WP04 and WC04) together with linear correction
provides the best results, although standard functionals
also do well in most instances. Use of the method based
on proton shift comparisons is recommended for
compounds of this type because it showed better ability
to discriminate between stereochemical differences than
did the carbon-based method.

EXPERIMENTAL METHODS


All compounds were available commercially as mixtures
of cis and trans isomers. Mixtures were purified with
silica gel chromatography using 7:3 hexane/ethyl acetate
as the eluent. The chromatographic process was
monitored using a refractive index detector.


The 13C and 1H NMR spectra were obtained at ambient
temperature in CDCl3 with chemical shifts determined
relative to CDCl3 (d 77.23 ppm) for 13C and tetra-
methylsilane (d 0.00 ppm) for 1H spectra. Proton spectra
were recorded with acquisition times of 2 s and a spectral
width of 8000 Hz; coupling constant values are significant
to the nearest 0.25 Hz. A Varian VI-500 MHz NMR
instrument was used throughout.

Copyright # 2007 John Wiley & Sons, Ltd.

13C NMR shifts were assigned with HMQC and
1H NMR shifts were assigned using coupling constant
analysis and COSY and HMQC experiments. Titration of
NMR samples in CDCl3 with small amounts of
benzene-d6 proved helpful in resolving a few overlapping
multiplets. The 1H and 13C NMR data for 2c/t thru 4c/t in
CDCl3 are provided below.
cis-2-Methylcyclohexanol (2c). 1H NMR (CDCl3) d 0.94
(d, 3 H, J¼ 6.8 Hz, CH3), 1.25 (m, 1 H, 4a), 1.35 (m, 1 H,
5e), 1.36 (m, 2 H, 3a and 3e), 1.46 (m, 1 H, 6a), 1.55 (m,
2 H, 4e and 5a), 1.60 (m, 1 H, 2a), 1.75 (m, 1 H, 6e), and
3.78 (ddd, 1 H, J¼ 5.2, 2.7, 2.7 Hz, 1e); 13C NMR
(CDCl3) d 17.2 (CH3), 20.9 (C5), 24.7 (C4), 29.0 (C3),
32.7 (C6), 36.1 (C2), and 71.3 (C1).
trans-2-Methylcyclohexanol (2t). 1H NMR (CDCl3) d
0˙96 (dddd, 1H, J¼ 12.9, 12.9, 12.9, 3.3 Hz, 3a), 1.00 (d,
3 H, J¼ 6.4 Hz, CH3), 1.18 (ddddd, 1H, J¼ 12.4, 12.4,
12.4, 3.6, 3.6 Hz, 4a), 1.18 (m, 1 H, 6a), 1.25 (m, 2H, 2a
and 5a), 1.60 (m, 1 H, 4e), 1.70 (m, 1 H, 3e), 1.72 (m, 1 H,
5e), 1.94 (m, 1 H, 6e), and 3.11 (ddd, 1 H, J¼ 9.8, 9.8,
4.0 Hz, 1a); 13C NMR d 18.7 (CH3), 25.4 (C5), 25.8 (C4),
33.8 (C3), 35.6 (C6), 40.4 (C2), and 76.6 (C1).
cis-3-Methylcyclohexanol (3c). 1H NMR (CDCl3) d 0.76
(dddd, 1H, J¼ 13.1, 13.1, 11.6, 3.8 Hz, 4a), 0.88 (ddd,
1 H, J¼ 11.7, 11.7, 11.7 Hz, 2a), 0.92 (d, 3 H,
J¼ 6.6 Hz, CH3), 1.15 (dddd, 1 H, J¼ 12.8, 12.8, 10.9,
3.8 Hz, 6a), 1.26 (ddddd, 1 H, J¼ 13.3, 13.3, 13.3, 3.5,
3.5 Hz, 5a), 1.42 (ddddq, 1H, J¼ 11.8, 11.8, 3.3, 3.3,
6.6 Hz, 3a), 1.74 (ddddd, 1H, J¼ 13.4, 3.4, 3.4, 3.4,
3.4 Hz, 5e), 1.94 (m, 2 H, 2e and 6e), and 3.56 (dddd, 1H,
J¼ 11.0, 11.0, 4.3, 4.3 Hz, 1a); 13C NMR (CDCl3) d 22.5
(CH3), 24.3 (C5), 31.6 (C3), 34.2 (C4), 35.5 (C6), 44.7
(C2), and 70.8 (C1).
trans-3-Methylcyclohexanol (3t). 1H NMR (CDCl3) d
0.89 (d, 3H, J¼ 6.5 Hz, CH3), 0.96 (m, 1 H, 4a), 1.23
(ddd, 1 H, J¼ 13.7, 11.0, 2.9 Hz, 2a), 1.49 (m, 1 H, 6a),
1.51 (m, 1 H, 5e), 1.61 (m, 1 H, 5a), 1.63 (m, 2 H, 4e and
6e), 1.69 (m, 1 H, 2e), 1.83 (ddddq, 1 H, J¼ 10.4, 10.4,
3.5, 3.5, 6.9 Hz, 3a), and 4.05 (dddd, 1 H, J¼ 4.4, 4.4, 3.0,
3.0 Hz, 1e); 13C NMR (CDCl3) d 20.2 (C5), 22.2 (CH3),
26.7 (C3), 33.2 (C6), 34.4 (C4), 41.7 (C2), and 67.1 (C1).
cis-4-Methylcyclohexanol (4c). 1H NMR (CDCl3) d 0.92
(d, 3H, J¼ 6.5 Hz, CH3), 1.34 (dddd, 2H, J¼ 14.4, 10.8,
10.8, and 3.6 Hz, 3a and 5a), 1.46 (m, 2H, 3e and 5e), 1.47
(m, 1H, 4a), 1.56 (dddd, 2H, J¼ 13.9, 11.2, 3.9, 3.0 Hz, 2a
and 6a), 1.70 (m, 2 H, 2e and 6e), and 3.94 (tt, 1 H,

J. Phys. Org. Chem. 2007; 20: 345–354


DOI: 10.1002/poc







354 K. W. WIITALA ET AL.

J¼ 4.9, 3.3 Hz, 1e); 13C NMR (CDCl3) d 21.9 (CH3), 29.2
(C3, C5), 31.4 (C4), 32.4 (C2, C6), and 67.1 (C1).
trans-4-Methylcyclohexanol (4t). 1H NMR (CDCl3) d
0.88 (d, 3H, J¼ 6.6 Hz, CH3), 0.97 (dddd, 2 H, J¼ 13.4,
13.4, 11.6, 3.3 Hz, 3a and 5a), 1.25 (dddd, 2 H, J¼ 13.4,
12.4, 11.0, 3.7 Hz, 2a and 6a), 1.33 (ttq, 1 H, J¼ 11.9, 3.8,
6.9 Hz, 4a), 1.70 (m, 2 H, 3e and 5e), 1.93 (m, 2 H, 2e and
6e), and 3.53 (tt, 1 H, J¼ 10.9, 4.3 Hz, 1a); 13C NMR
(CDCl3) d 22.1 (CH3), 31.9 (C4), 33.5 (C3, C5), 35.7 (C2,
C6), and 71.0 (C1).
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ABSTRACT: Data obtained from the reaction of oxime formation from benzoylformic anion lead to the suggestion
that the spontaneous dehydration observed after pH� 5.0, proceeds through a transition state in which an
intramolecular general base catalysis is exerted by the carboxylate group. Copyright # 2007 John Wiley & Sons,
Ltd.

KEYWORDS: benzoylformic anion; oxime; spontaneous dehydration

INTRODUCTION


In general, spontaneous dehydrations of carbinolamines
occur at values of pH greater than 8,1–3 and are interpreted
as a consequence of their higher competition with the
acid-catalyzed process carried out in solution with low
proton concentration. According to this argument, an
uncatalyzed dehydration has a better chance of existence
when the acid-catalyzed reaction is more difficult for:
(i) low concentration of proton and/or ii) low values of the
acid-catalyzed rate constants. Nevertheless, contribution
of spontaneous dehydrations has been observed, since
pH� 4.0 in oxime formation from methyl esters of
pyruvic4 and benzoylformic5 acids, with values of the
acid-catalyzed rate constants of 200 and 34.6 M�1sec�1


respectively, but is absent in oxime formation from the
positive ions of 2-, 3-, and 4-formyl-1-methylpyridinium6


with values of the acid-catalyzed rate constants of 4.11,
175, and 117 M�1 sec�1, respectively. These facts
indicate that other factors have been left out of
consideration. Since the nucleophile is common in the
above-mentioned cases, the different behaviors must be
due to structural differences in the carbinolamines. It
appears that the presence of an ester group directly
bonded to central carbon atom of the intermediates is, in
some manner, promoting the pH-independent reaction.

to: M. Calzadilla, Universidad Central de Venezuela,
s, Distrito Federal, Venezuela.
a2000@yahoo.com
ail: amalpica@yahoo.com
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Consequently with this argument, a transition state was
proposed.5 In it, the ester moiety exerts an intramolecular
base catalysis. In order to know if a more basic group
bonded to the intermediate could act in accordance with
the conduct of the methyl ester group, an examination of
oxime formation from benzoylformic anion, motivates
the present study.

EXPERIMENTAL


Materials


Hydroxylamine hydrochloride, formic, acetic, and ben-
zoylformic acids, potassium hydrogen phosphate, and
potassium chloride were obtained commercially. Solu-
tions of these reagents were prepared just prior to use to
minimize the possibility of decomposition. Buffer solu-
tion from formic, acetic acids, and potassium hydrogen
phosphate were employed according to the pH
investigated. Glass distilled water was used throughout.
Benzoylformic acid oxime was prepared by mixing
water–methanol solutions of the acid and hydroxylamine.
The obtained crystals were recrystallized from methanol–
water (m.p. 140–144 8C lit. m.p. 141.5– 144 8C).7

Equilibrium constant


The equilibrium constant for addition of hydroxylamine
to benzoylformic anion was determined at 30 8C, m¼ 0.5
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Table 1. Summary of equilibrium and rate constants for
benzoylformic acid oxime formation in aqueous solution at
30 8C and ionic strength 0.5a


Kadd (M�1) 1.12� 5.6 E-2
kH (M�1 sec�1) 5.32 E3� 3 E2
ko (sec�1) 1.05 E-3� 9.45 E-5
Kdiss (M�1)b 4.07 E-2


a All constants are defined in Scheme 1.
b Reference 10.
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(KCl), in aqueous solution, at pH 7.11 (potassium
hydrogen phosphate 0.17 M), by monitoring spectro-
photometrically the disappearance of the chromophore of
the substrate at l¼ 253 nm. The reaction was initiated
quickly and the initial drop in absorbance was followed
by a slower increase attributed to oxime formation, a
small extrapolation to zero time gave the absorbance of
the substrate remaining after that initial equilibrium was
reached. The value of the equilibrium constant was
obtained from the negative intercept of a plot 1/DAeq


versus 1/(amine) fb. The concentration of the amine free
base was varied from 0.13 to 0.45 M. Average of 20
determinations were made and the obtained value of the
equilibrium constant was 1.12 M�1 (r¼ 0.96).


Kinetic measurements


UV spectra of the oxime obtained from about pH 3.5–7.5
indicated quantitative kinetic yields. All rate measure-
ments were carried out employing a Zeiss PMQ II
spectrophotometer equipped with a thermostated cell-
holder. Rate constants were measured in water at 30 8C
and ionic strength 0.5 (KCl), under pseudo-first-order
conditions. The pH value was maintained constant
through the use of buffers with formic, acetic acids,
and potassium hydrogen phosphate. Values of pH were
measured with Radiometer pH-meters. Oxime formation
was followed by observing the appearance of the product
at 253 nm (pH� 3.5–4.5). Second-order rate constants
(kobs/(amine) fb) were obtained from slopes of first-order
rate constants against amine-free base concentration
and were corrected for accumulation using kcorr


obs
¼


k
exp
obs ½1þKaddðamineÞfb�, where Kadd is the equilibrium


constant for addition of the amine to the deprotonated
acid. In the pH-range� 4.5–7.5 the progress of the
reaction was followed by the initial rate method: with pH
and hydroxylamine concentration constants, using vary-
ing benzoylformic acid concentration (4.5� 10�5–
1.5� 10�4 M), at l¼ 235 nm. The absorbance changes
of the product were measured at 10 sec intervals until
100 sec. Plots of absorbance versus time under these
conditions gave excellent lines. Since oxime solutions
obey Beer’s law, the slopes of the lines represent the value
of initial rate. A second plot of the obtained slopes versus
benzoylformic acid concentration permitted to evaluate
the first-order rate constants, and finally the second-order
rate constants were obtained from the ratio kobs/(amine) fb.

Copyright # 2007 John Wiley & Sons, Ltd.

General acid-catalysis


At pH 4.5 the second-order rate constants were measured
at different buffer concentrations (AcOH/AcO�¼
0.1–0.5 M). Plots of rate constants values against
(Buffer)total gave horizontal line.

Determination of the values of ko and kH


The dehydration rate constants of specific acid catalyzed
(kH) and spontaneous reaction (ko) were determined from
a plot of second-order rate constants against hydronium
ion concentration in the pH-range of 5.5–7.11 (acetic
buffer 0.2 M and potassium hydrogen phosphate 0.3 M).
The slope of obtained line (r¼ 0.99) provides the rate
constant of specific acid catalysis (Kadd kH) and the
ordinal intercept provides the rate constant independent
of the pH route (Kadd ko). Since Kadd was directly
evaluated, values of kH and ko were obtained.

RESULTS AND DISCUSSION


Second-order rate constants for benzoylformic anion
oxime formation were determined under pseudo-
first-order condition, over the pH-range �3.5–7.5, at
30 8C, in aqueous solution of ionic strength 0.5 (KCl). The
logarithms of the obtained constants were plotted as a
function of pH in Fig. 1. The values decrease linearly with
increasing pH until pH� 5.5. Above this limiting value
the constants show positive deviations as the pH
increases, reaching a near constant value at pH�
7–7.5. This pH-rate profile is interpreted as a process
in which the sole rate-determining step over the entire
range of pH investigated is dehydration of the anionic
carbinolamine, which occurs with specific acid catalysis
and spontaneous reactions. The proposed mechanism is
outlined in Scheme 1. The rate law is:


kobs=ðamineÞfb ¼Kadd½kHðHÞþþkO� (1)


where Kadd, kH, and k0 are the equilibrium constants for
addition of the amine to the deprotonated acid, the
specific acid-catalyzed, and spontaneous rate constants,
respectively. The solid line in Fig. 1 is a theoretical line
based on Eqn(1) and values of Kadd, kH, and k0


experimentally evaluated at pH 7.11 and 5.5–7.14,
respectively and summarized in Table 1.

The first-order rate constants


kobs, used to obtain the second-order rate constants, was
determined as a function of amine concentration, and at

J. Phys. Org. Chem. 2007; 20: 631–635


DOI: 10.1002/poc







-4


-3


-2


-1


0


1


876543


pH


lo
g


 k
o


b
s/


[a
m


in
e]


fb
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pH. &, Experimental points. The solid line was calculated based on the rate law in Eqn (1) and the constants in Table 1. This
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high values of pH and a sufficiently high amine
concentration it was observed to increase less rapidly
than the concentration of the amine. This conduct agrees
with that observed previously in related reactions8 and,
strongly suggests that the carbinolamine intermediate
accumulates and that the dehydration of this species is a
rate-limiting step. A typical example of this behavior is
provided in Fig. 2. The second-order rate constants used
in Fig. 1, were corrected for accumulation using
kcorr


obs ¼ k
exp
obs ½1þKaddðamineÞfb�.

Copyright # 2007 John Wiley & Sons, Ltd.

Plot of second-order rate constants against (Buffer)total


concentration, using acetic acid at pH 4.5, shows that the
constants are independent of the buffer concentration.
This observation suggests that the a value for acid-
catalyzed dehydration should be close to unity and
therefore difficult to observe.


A plot of second-order rate constants obtained from pH
5.5 to 7.14 versus hydronium ion concentration yields an
excellent straight line (r¼ 0.99) whose slope provides the
rate constant of specific acid catalysis (Kadd kH) and an
ordinal intercept that provides the rate constant of the
independent of pH route (Kadd ko). This last value is very
similar to the limit value observed at pH 7.5 in Fig. 1.
Since Kadd was directly evaluated, values of kH and ko


were determined.
The presence of a spontaneous dehydration at early


value of pH, in a process that goes through an anionic
intermediate is very unusual, not only because the
concentration of the hydrated proton is not sufficiently
low, but also for the low competition of this reaction with
the acid-catalyzed process in which a favorable electro-
static effect is present. One is forced to admit an
intramolecular base catalysis in which the proximity
effect is playing a big role. In the transition state of the
spontaneous reaction the carboxylate group should be
exerting the catalysis, helping by this manner the
expulsion of the bad leaving hydroxyl group, just as an
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external base acts in base-catalyzed dehydration:


HO


OH


O


O


N
H


The primary reason for existence of concerted
acid–base catalysis lies in the avoidance of highly
unstable intermediates and transition states that would be
required in the absence of such catalysis. The Libido
rule,9 based on this logical principle is an arm to decide if
a concerted intermolecular acid–base catalysis is taking
place: (i) it must occur at sites that undergo large change
of pK in the course of the reaction and (ii) the pK of the
catalyst must be intermediate between the initial and
final pK values of the substrate. The law, proposed for
intermolecular catalysis, does not take into consideration
factors that are present in an intramolecular catalysis. In
addition, a close examination of the immediate product of
the transition state here proposed shows that the catalyst
structure has changed during the process; therefore, from
the principle of microscopic reversibility, it follows that in
the reverse reaction, the general acid catalysis is exerted
by an acid that has different structure and of course
different pK values. Taking into account the complexity

Copyright # 2007 John Wiley & Sons, Ltd.

of the reaction, the rule, in this study, was not in
consideration.


There are some points that deserve attention:

i) S

ince benzoylformic acid has a pKa¼ 1.39,10 for-
mation of neutral carbinolamine derived from it, in
the pH-zone of linear dependence with pH in Fig. 1
(pH� 3.5–5.5) is not appreciable. Nevertheless, an
examination of the pKa value of this neutral inter-
mediate gave 3.26; consequently, it is present in an
significant portion of this pH-region. The pKa value of
this neutral carbinolamine was determined using the
thermodynamic pool:


Anion + amine
Kadd


negative carbinolamine


Acid + amine


K'add


neutral carbinolamine


Kdiss
K'diss


Kadd here evaluated at pH 7.11, has a value of
1.12 M�1, Kdiss¼ 4.07� 10�2 M�110 and K’add¼
83 M�1 (taking as a model the addition constant of
hydroxylamine to methyl ester of benzoylformic
acid5). The good fit of second-order rate constants
with a theoretical line based only in Eqn(1) and the
experimental value of the equilibrium constant for
addition of the amine to benzoylformic anion,
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indicates that in spite of the presence of the neutral
carbinolamine during the process, it does not give the
product. The low competition with the favorable
acid-catalyzed dehydration of the negative carbinola-
mine must be the cause.

ii) A

 more a difficult point to explain is related with the
basic strength of the catalyst. Thus, the similar ko


values of the reaction of benzoylformic anion
(ko¼ 10.7� 10�4 s�1) and that of methyl benzoylfor-
mate (ko¼ 6.66� 10�4 s�1)5 demonstrate that the rate
constants are not affected by the basicity of the
catalysts. As known, Brönsted plots, used in inter-
molecular acid–base-catalyzed processes, show linear
dependence between pK of catalysts and log of rate
constants. Deviations of linearity in these plots reflect
a reorganization, either within the molecule of the
catalyst or in their solvation shell that affect the kinetic
of proton transfer but not the equilibrium acidity.11


Based on the latter, the lack of response of ko might be
due to solvation effects. Nevertheless, the solvation
effects seem to be qualitatively different in the reac-
tion studied here and the one shown previously.5


Specifically, the carbinolamine anion is more stabil-
ized by solvation than the carbinolamine ester.
Regarding the transition states, the carbinolamine
ester demands a greater solvent reorganization than
the carbinolamine anion. This difference lies on mode

yright # 2007 John Wiley & Sons, Ltd.

substrate activation: the transition state of the carbi-
nolamine ester suffers unlike charge separation
whereas the carbinolamine anion involves negative
dispersion.
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lethene (BTE) derivatives containing carbazole were synthesized by
haracterized by 1H NMR spectra, 13C NMR, mass spectra, etc. Their


optical, photochromic, and electrochemical properties were described. Moreover, their two-photon absorption (TPA)
properties were investigated both in open and closed forms, finding observable distinction in the TPA of the ring-open
and ring-closed forms. These compounds could be used as two-photon switches and for the potential applications in
three-dimensional optical storage. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Photochromic materials are potentially useful for advan-
ced optoelectronic devices such as optical memory,
optical switching, and displays.1 Among various types of
photochromic compounds, bisthienylethene (BTE) deriva-
tives are the most promising compounds because of their
excellent fatigue resistance and thermal stability in both
isomeric forms, picosecond switching times, and a high
photochemical quantum yields.2–4 Currently, optical data
can be stored in two-dimensional volume of photo-
chromic materials; however, the techniques have funda-
mental limitations in the available memory density owing
to their two-dimensional nature. The constraint can be
overcome if memory can be stored within the three-
dimensional volume of the material, increasing the data
holding capacity by a factor proportional to the thickness
of the medium. Within this theme, the two-photon
absorption (TPA) of photochromic compounds can be
utilized to achieve higher spatial resolution than
one-photon absorption (OPA). Thus, it is desirable to
synthesize and characterize active organic photochromic
materials with large TPA cross-section values using
high-density multilayer storage devices.5,6
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The open and closed-ring isomers of photochromic
BTE derivatives differ from each other not only in their
absorption but also in various physical and chemical
properties, such as luminescence, refractive indices,
oxidation/reduction potentials, chiral properties, mag-
netic interactions, and two-photon properties.1–3,7,8 On
the basis of our earlier work,9–11 herein we incorporated
the photochromic BTE unit and carbazole units via a
Suzuki coupling reaction for the purpose of developing
photochromic compounds with large two-photon cross-
sections. Photochromic compounds C-BTE and C-BTE-C
(Scheme 1) with good solubility in common organic
solvents could be synthesized with structures between the
colorless ring-opened and colored ring-closed forms by
alternating irradiation with 254 nm and visible light
(>500 nm) in THF. Moreover, two-photon as well as
electrochemical properties of these new photochromic
compounds were also discussed, which showed that
C-BTE and C-BTE-C compounds could work as
photoswitches and two-photon switches.

RESULTS AND DISCUSSIONS


Molecular design and synthesis


Here, the Suzuki coupling method is used to synthesize
symmetric and unsymmetric BTE derivatives by con-
trolling the ratio of starting materials and reagents.12–14
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Scheme 1. The photochromic process of C-BTE and C-BTE-C (bisthienylethenes containing carbazole units)
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1,2-Bis(5-chloro-2-methylthien-3-yl) cyclopentene was
converted into the bis(boronic) esters of BTE via n-BuLi/
B(OBu)3, and then directly used in the next Suzuki
reaction without any workup because during isolation the
bis(boronic) esters are easily deboronized. Suzuki
coupling with N-(4-bromobenzyl)-carbazole gave the
corresponding unsymmetric C-BTE and symmetric
C-BTE-C compounds by controlling the ratio of starting
materials and reagents (Scheme 2).

Scheme 2. Routes for synthesizing C-BTE and C-BTE-C. Reagen
Pd(PPh3)4, THF, 608C, 43%; (iii) n-BuLi (2 eq), B(OBu)3, THF, �7


Copyright # 2007 John Wiley & Sons, Ltd.

Absorption spectra


All synthesized compounds could readily dissolve in
common organic solvents, such as chloroform, dichlor-
omethane, and THF. These BTE derivatives show typical
photochromism in solutions. The THF solution of C-BTE
(ring-open form) was colorless. Upon irradiation with
light of 254 nm, the solution gradually turned pink and
new absorption bands at 339 and 490 nm appeared from

ts: (i) n-BuLi (1 eq), B(OBu)3, THF, �788C; (ii) 2M Na2CO3,
88C; (iv) 2M Na2CO3, Pd(PPh3)4, THF, 608C, 34.2%
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Figure 1. Absorption changes of C-BTE in THF (1.0�
10�5mol L�1) under different irradiation times by 254 nm
light
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the ring-closed form of BTE (Fig. 1). A similar result was
also obtained from Fig. 2. When symmetric C-BTE-C in
THF was irradiated at 254 nm, the solution gradually
turned purple and the new absorption bands appeared at
366 and 540 nm, which were ascribed to the closed form
isomer. The maximal absorption band of the closed-ring
form of C-BTE-C was red-shifted with respect to that of
C-BTE in THF, due to the formation of an extended
p-conjugation system.15,16


Both of the two compounds in THF attained a
photo-stationary state (PSS) at about 15min. Especially,
the colored isomers (closed forms) of these compounds
are very stable in dark at the room temperature.
Irradiation of their PSS with >500 nm light could lead
to a complete recovery of the initial absorption signal, and
the pink or purple solution turned colorless.


HPLC is a suitable way to measure the ratios since the
ring-open and closed forms of BTE derivatives are
difficult to be separated by silica column chromatography.
The ratio between the ring-open and closed forms can be

Figure 2. Absorption changes of C-BTE-C in THF (1.0�
10�5mol L�1) under different irradiation times by 254 nm
light
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obtained as 1.0:0.6 from the ratio of the integrated area of
HPLC peaks. Similarly, the ratio of C-BTE ring-open and
closed forms in the PSS was 1.0:0.56.

Fluorescence spectra


Typical fluorescence spectral changes of these new BTE
derivatives were obtained for the photochromic reaction.
The emission spectra excited at 300 nm for C-BTE and
315 nm for C-BTE-C are shown in Fig. 3. In the open
form of C-BTE (Fig. 3(a)), the fluorescence intensity
peaks are located at 349 and 363 nm. After irradiation at
254 nm to reach the PSS, the fluorescence intensity of
C-BTE in THF increased. A similar result was obtained
from Fig. 3(b), when C-BTE-C was excited at 315 nm,
and the fluorescence intensity appeared at 349, 364, and
385 nm, and after irradiation at 254 nm, the fluorescence
intensity of C-BTE-C was also significantly increased. In
Fig. 3(a), the fluorescence peaks at 349 and 363 nm were
ascribed to carbazole and the fluorescence intensity of
BTE was quenched due to the Cl group, which was a
fluorescence quenching group. After irradiation at
254 nm, the absorption of the open form of BTE declined.
Therefore, when excited at 300 nm, the amount of

Figure 3. Fluorescence changes of C-BTE (lex¼ 300nm)
and C-BTE-C (lex¼315 nm) in THF (1.0� 10�5mol L�1)
under different irradiation times by 254 nm light
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Figure 5. Cyclic voltammograms of C-BTE-C in dichloro-
methane containing tetrabutylammonium tetrafluoroborate
(0.1mol L�1) before (solid line) and after (dashed line) irradia-
tion with 254 nm light at the scan of 100mV s�1
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photons absorbed by the carbazole molecule was
increased and fluorescence intensity of carbazole
increased.17 For C-BTE-C, the fluorescence peaks at
349 and 363 nm were ascribed to carbazole and the peak
at 385 nm was ascribed to BTE. When irradiated at
254 nm, fluorescence intensity of carbazole units
increased. The enhanced luminescence of the closed
ring of C-BTE and C-BTE-C upon irradiation with
254 nm light might be attributed to the formation of an
extended p-conjugation system that results from the
photocyclization18 and the very small spectral overlap
between the emission and the absorption bands of the
closed-ring form.19


The fluorescence lifetimes of C-BTE and C-BTE-C
(open forms) were obtained by an interactive nonlinear
deconvolution fitting procedure and the fluorescent
lifetimes were well fitted with a single exponential
function. The fluorescence of open form of C-BTE in
THF decayed with a lifetime of 1.86 ns (x2¼ 1.112,
excited at 360 nm) and the fluorescence lifetime of the
open form of C-BTE-C was 2.11 ns (x2¼ 1.185, excited
at 360 nm).


Notably, irradiation of C-BTE and C-BTE-C with
>500 nm light could lead to a complete recovery of the
initial fluorescence signal. Figure 4 shows that the
fluorescence intensity of C-BTE-C at 349 nm changed
reversibly upon excitation at 315 nm by alternating
irradiation with 254 nm and >500 nm light. This cycle
could be repeated more than 10 times, indicative of their
good fatigue resistance.

Electrochemical properties


Electrochemical studies were performed on C-BTE and
C-BTE-C by a VersaStar II electrochemical analyzer.
Figure 5 shows cyclic voltammograms of C-BTE-C in
dichloromethane containing tetrabutylammonium tetra-

Figure 4. Modulated emission intensity at peak of 349 nm
(excited at 315 nm) of C-BTE-C in THF during alternating
irradiation at the wavelength of 254 nm and >500nm light,
respectively
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fluoroborate (0.1mol L�1). The oxidation levels of
C-BTE-C were 1.42 and 1.22V before the irradiation,
and after subsequent irradiation with 254 nm to reach the
PSS the oxidation states appeared at 1.42 and 1.11V.
Similarly, in C-BTE, the open-ring isomer of C-BTE
showed three oxidation states at 1.60, 1.47, and 1.34V.
After 20min irradiation with 254 nm to reach the PSS, the
new oxidation states appeared at 1.15, 0.79, and 0.67V.
The oxidation states of the ring-closed form appeared at
lower potentials with respect to that of the ring-open
form, which clearly indicates that the ring-closed isomers
of C-BTE and C-BTE-C are easily oxidized than the
ring-open isomers.18

Two-photon properties


Recently, extensive efforts have been concentrated on the
synthesis of organic materials having large TPA cross-
section, and the investigation of their chemical structure
and TPA property relationships. It is known that TPA can
be enhanced either by increasing the conjugation length
or by an appropriate combination of electron donors and
acceptors.


A typical TPA optical power limiting curve (e.g.,
taking C-BTE-C (open form) at 600 nm) is shown in
Fig. 6. Value of TPA cross-section (given in
GM¼ 10�50 cm4 s photon�1molecule�1) for C-BTE-C
(open form) was measured to be 5506.64GM, and the
coefficient (b) was 1.0 cm/GW. TPA cross-section values
for C-BTE and C-BTE-C (open and closed form) were
measured at different wavelength of the laser pulses, as
shown in Fig. 7. For C-BTE, TPA cross-section values
were measured at every 25 nm interval between 575 and
750 nm. If the wavelengths were shorter than 575 nm, the
transmission of the closed form was too low, and if the
wavelengths were longer than 750 nm, the robustness of
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Figure 7. TPA cross-section values for C-BTE and C-BTE-C
were measured at different wavelengths of the laser pulses


Figure 6. Measured output intensity versus input intensity
of the 600 nm laser pulses of compound C-BTE-C (open
form)


Copyright # 2007 John Wiley & Sons, Ltd.


972 Y. FENG ET AL.

the laser energy would make big errors in the
measurements. For C-BTE-C, TPA cross-section values
were measured at every 25 nm interval between 650 and
750 nm. TPA cross-section values of C-BTE-C are larger
than those of C-BTE, since carbazole is a strong
electron-donating group and the C-BTE-C has a
D-P-D structure. Also TPA was enhanced by the
increased conjugation length.20 There are observable
distinctions in the TPA of the ring-open and ring-closed
forms of the two compounds at the same wavelength,
which can be used as a two-photon switch. Compared to
TPA values of the reported BTE derivatives,6 the two
compounds have significant TPA values, especially for
C-BTE-C, indicating the potential utility of these
compounds as three-dimensional information storage
media.

CONCLUSION


In summary, new photochromic C-BTE and C-BTE-C
were successfully synthesized via the Suzuki coupling
method by controlling the ratios of the starting materials
and reagents. They show good photochromic properties,
excellent fatigue resistance, solubility, electrochemical
properties, and large TPA cross-sections. There are
observable distinctions in the TPA of the ring-open and
ring-closed forms of the two compounds. These photo-
chromic compounds could be used as two-photon
switches and have potential application for three-
dimensional optical data storage. Further investigation
of the applications is currently in progress.

EXPERIMENTAL


General procedure


1HNMR and 13CNMR spectra were recorded on a Bruker
AM 500 spectrometer with tetramethyl silane (TMS) as
the internal reference. MS were recorded by EI mass
spectroscopy. Absorption spectra were measured by a
Varian Cary500 UV–Vis spectrophotometer. Fluor-
escence spectra were measured with a Varian Cary
Eclipse Fluorescence spectrophotometer. Fluorescence
lifetimes were measured by an Edingburg Lifespec-Ps
spectrofluorometer. The optical switch experiments were
carried out using a photochemical reaction apparatus with
a 200W Hg lamp. Cyclic voltammetry measurements
were carried out with a platinum electrode using
millimolar solutions in CH2Cl2 containing 0.1M of the
support electrolyte, tetrabutylammonium tetrafluorobo-
rate, in a three-electrode cell and potentiostat assembly by
VersaStarII electrochemical analyzer. HPLC analyses
were determined by Agilen 1100 and column Extend-C18
(5mm, Column 4.6� 150mm) eluted by methanol/
acetonitrile (1.5:1) at a flow rate of 0.6mlmin�1.
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Linear transmission spectra were recorded on a
Shimadzu UV-3600 PC spectrophotometer and TPA
cross-sections were measured by the nonlinear transmit-
tance method. The excitation source was an OPO system
(Continuum, Pather OPO) pumped by the triple frequency
output of a Q-switched Nd:YAG laser system (Con-
tinuum, Precision II 8010) producing �7 ns-duration,
�1 cm�1 spectral-width laser pulses with a repetition rate
of 10Hz. The wavelengths can be tuned from 450 to
1025 nm. The concentration of samples was fixed at
0.01M dichloromethane, and quartz cells having a path
length of 1 cm were used for all measurements.

Materials


Reagents and starting materials were used as received.
Solvents were distilled and dried before use.
1,2-Bis(5-chloro-2-methylthien-3-yl) cyclopentene was
synthesized and purified according to the established
procedures.21,22

Synthesis of N-(4-bromobenzyl)-carbazole


A mixture of carbazole (1 g, 6.0mmol), KOH (0.6 g,
10.8mmol), and DMSO (30ml) was stirred for 30min
at room temperature under nitrogen. Then the solution of
4-bromobenzyl-bromide (1.8 g, 7.2mmol) in DMSO
(10ml) was added dropwise for about 2 h. Subsequently,
the reactive mixture was heated at a temperature of 558C
for another 2 h and cooled to the room temperature. The
reactive mixture was poured into H2O (100ml) to a solid
sample. The resulting solid was recrystallized from
ethanol to get N-(4-bromobenzyl)-carbazole as a white
powder (yield 75%), m.p. 184–1868C.


1H NMR (500MHz, CDCl3, ppm): d¼ 5.63 (s, 2H,
—CH2—), 7.08 (d, J¼ 8.4Hz, 2H, Ph-H), 7.21 (t,
J1¼ 7.1Hz, J2¼ 7.2Hz, 2H, Ph-H), 7.40–7.46 (m, 4H,
Ph-H), 7.58 (d, J¼ 8.2Hz, 2H, Ph-H), 8.17 (d, J¼ 7.7Hz,
2H, Ph-H). 13C NMR (CDCl3, ppm): 140.46, 136.18,
131.90, 128.11, 125.94, 123.08, 121.31, 120.48, 119.41,
108.72, 46.01. MS (m/z) [Mþ] Calcd. for C19H14BrN:
335.0, Found: 335.0.

Synthesis of C-BTE


To the solution of 1,2-bis(5-chloro-2-methylthien-3-yl)
cyclopentene (0.50 g, 1.52mmol) in anhydrous THF
(10ml) n-BuLi (1ml of 1.6M solution in hexane,
1.6mmol) was added using a syringe in two portions
under nitrogen at �788C. This solution was stirred for
30min at room temperature, then B(OBu)3 (0.5ml,
1.7mmol) was added to one portion. This reddish solution
was stirred for 1 h at room temperature and was then used
in the Suzuki cross coupling reaction without any workup
because the product was deboronized during isolation.

Copyright # 2007 John Wiley & Sons, Ltd.

A mixture of N-(4-bromobenzyl)-carbazole (0.51 g,
1.52mmol), Pd(PPh3)4 (0.14 g), and THF (10ml) was
stirred for 15min at room temperature. Then
aqueous Na2CO3 (10ml, 2M) was added. The reactive
mixture was heated at a temperature of 608C and the
solution of bis(boronic) esters of BTE was added
dropwise via a syringe. Subsequently, the mixture was
refluxed for 20 h and cooled to room temperature. The
reactive mixture was poured into H2O and extracted with
ether and dried with anhydrous Na2SO4. After concen-
trating, the compound was purified by column chroma-
tography on silica (petroleum ether/ethyl acetate¼
10:1 v/v) to yield C-BTE (yield 43%).


C-BTE: 1H NMR (500MHz, DMSO, ppm): d¼ 1.77
(s, 3H, —CH3), 1.84 (s, 3H, —CH3), 1.91–1.95 (m, 2H,
—CH2—), 2.66–2.72 (m, 4H, —CH2C——CCH2—),
5.61(s, 2H, —CH2—), 6.77 (s, 1H, thiophene-H), 7.10
(s, 1H, thiophene-H), 7.13 (d, J¼ 8.1Hz, 2H, Ph-H), 7.20
(t, J1¼ 7.3Hz, J2¼ 7.6Hz, 2H, Ph-H),7.37 (d,
J¼ 7.9Hz, 2H, Ph-H), 7.40 (t, J1¼ 8.1Hz, J2¼
7.2Hz, 2H, Ph-H), 7.59 (d, J¼ 8.2Hz, 2H, Ph-H), 8.16
(d, J¼ 7.7Hz, 2H, Ph-H). 13C NMR (d6-DMSO, ppm):
140.53, 139.08, 137.29, 136.76, 135.61, 135.33, 134.06,
133.78, 133.41, 133.10, 127.90, 127.72, 126.32, 125.47,
124.52, 123.95, 122.68, 120.80, 119.53, 109.94, 45.69,
38.37, 38.20, 22.65, 14.34, 14.17. MS (m/z) [Mþ] Calcd.
for C34H28ClNS2: 549.1, Found: 549.1.

Synthesis of C-BTE-C


Compounds C-BTE-C were prepared in the same manner
as described above for the preparation of C-BTE. To the
solution of 1,2-bis(5-chloro-2-methylthien-3-yl) cyclo-
pentene (0.50 g, 1.52mmol) in anhydrous THF (10ml)
was added n-BuLi (2.5ml of 1.6M solution in hexane,
4.0mmol) using a syringe in two portions under nitrogen
at �788C. Then B(OBu)3 (1ml, 3.4mmol) was added to
one portion. At the same reaction condition as for BTE,
the solution of the symmetric bis(boronic) esters of BTE
was obtained. Then the mixture of N-(4-bromobenzyl)-
carbazole (1.2 g, 3.1mmol), Pd(PPh3)4 (0.30 g), and THF
(10ml) was stirred for 15min at room temperature. Then
aqueous Na2CO3 (10ml, 2M) was added. The reactive
mixture was heated at 608C and the solution of
bis(boronic) esters of BTE was added dropwise via a
syringe. C-BTE-C was similarly obtained (petroleum
ether/ethyl acetate¼ 6:1 v/v) with a yield of 34.2%.


C-BTE-C: 1H NMR (500MHz, DMSO, ppm): d¼ 1.83
(s, 6H, —CH3), 1.95–1.98 (m, 2H, —CH2—), 2.73–2.76
(t, 4H, —CH2C——CCH2—), 5.62(s, 4H, —CH2—),7.10
(s, 2H, thiophene-H), 7.12 (d, J¼ 8.1Hz, 4H, Ph-H), 7.24
(t, J1¼ 7.3Hz, J2¼ 7.5Hz, 4H, Ph-H), 7.37 (d, J¼
8.2Hz, 4H, Ph-H), 7.42 (t, J1¼ 7.3Hz, J2¼ 8.1Hz, 4H,
Ph-H), 7.61 (d, J¼ 8.2Hz, 4H, Ph-H), 8.17 (d, J¼ 7.7Hz,
4H, Ph-H). 13C NMR (d6-DMSO, ppm): 140.52, 138.88,
137.23, 137.00, 134.62, 133.99, 133.16, 127.88, 126.32,
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125.46, 124.66, 122.67, 120.80, 119.53, 109.94, 45.67,
41.77, 41.56, 14.36. MS (m/z) [Mþ] Calcd. for
C53H42N2S2: 770.3, Found: 770.1.
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ABSTRACT: The effect of 4-oxa substitution on the regiochemistry and rate of 5-hexenyl radical cyclizations was
investigated, as a potential model for [2þ 2] photocycloadditions of 2-acyl-4-oxa-1,5-hexadienes. Increasing the
electron density in the alkene decreases the rate of cyclization in the 4-oxa-hexenyl radicals, relative to the all carbon
analogs, but has little effect on the regioselectivity of the cyclization. The radical model does not reproduce the high
degree of 1,6 closure, observed in the [2þ 2] photocycloadditions for 4-oxa-1,5-hexadiene 1a. However, the radical
model does reinforce the interpretation that ground state conformational effects, engendered by substitution remote
from the reacting centers have important rate consequences for cyclization reactions. Copyright# 2007 JohnWiley&
Sons, Ltd.

KEYWORDS: hexenyl radical; cyclization kinetics; conformational effects; photocycloadditions

INTRODUCTION


Intramolecular radical cyclizations and intramolecular
[2þ 2] photocycloadditions have been the focus of
intense mechanistic scrutiny.1,2 In addition, these reac-
tions have found broad application in the synthesis of
complex carbocyclic ring systems.3,4 It has been widely
noted that these cyclizations strongly favor, where
possible, the formation of five-membered rings. The
so-called ’rule of five’ closure appears to be another
manifestation of the kinetic preference for the formation
of five-membered rings. Some years ago, Wolff and
Agosta showed that the cyclization of substituted
5-hexenyl radicals could be used as a model to rationalize
the regiochemistry of the mode of closure (1,5 vs. 1,6) in
intramolecular [2þ 2] photocycloadditions of 1,5-
hexadien-3-ones.5 In these systems, the excited enone
triplet was operationally equivalent to a localized
mono-radical at the b-enone carbon.


Several years ago, we reported a study on the
intramolecular photocycloaddition of a series of
2-acyl-4-oxa-1,5-hexadienes 1a,b,c, as part of a program
designed to explore the effects of oxa substitution on the
reactivity of radical and diradical intermediates.6 We
were interested to explore if oxa substitution would affect
the partitioning between 1,5- and 1,6-cyclization modes

to: A. R. Matlin, Department of Chemistry and
erlin College, Oberlin, OH 44074, USA.
tlin@oberlin.edu
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of excited dienones (Scheme 1). Previously, Wolff and
Agosta had shown that 2-acyl-1,5-hexadienones exclu-
sively undergo photochemical reactions to produce
products that were derived from initial closure to a
five-membered ring biradical.7 In contrast, we found that
the oxa-substituted dienones 1a and 1b gave almost equal
amounts of the 1,5 closure products 4a/4b and 1,6 closure
products 5a/5b (Table 1). This behavior was very
different from that observed with the methylene analog
1e which despite methyl substitution at C-5 in the
hexadiene system, produced only 1,5 closure product 4e.7


We also found that methyl substitution at C-3, remote
from the reacting double bonds, had a dramatic effect on
the regioselectivity, yield, and the rate of reaction.
Irradiation of 1c produced only 1,5 closure product 4c.
The reaction proceeded 2 to 4.5 times faster than with 1a
and 1b, and the yield was greatly improved from �20%
(for 1a and 1b) to 65 %. These results prompted us to
inquire if the radical cyclization model, described by
Wolff and Agosta could be extended to explain the
different photochemistry of the 2-acyl-4-oxa-substituted
1,5-hexadiene systems. Below, we report the results of a
study of the regiochemistry and kinetics for a series of
4-oxa-5-hexenyl radical cyclizations.


RESULTS AND DISCUSSION


Bromo-vinyl ethers 6 were prepared by mercuric acetate
catalyzed alcohol exchange of 1-bromo-3-propanol or
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Scheme 1


Table 2. Regiochemistry of 5-hexenyl radicals cyclization:
1,5 (7) versus 1,6 closure (8)


Radical 7:8a


9a
O


>100:1


9b
O


CH3


1.6:1


9c
O


CH3


>100:1


9d 49:1b


9e
CH3


0.67:1b


9f


CH3


>24:1c
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1-bromo-3-butanol with either ethyl vinyl ether or
2-methoxypropene. Radicals 9a,b,c were generated by
treating degassed decalin solutions of the appropriate
bromide 6 with tri-n-butyltin hydride, in the presence of
AIBN as an initiator. The products (7, 8, 12) were
determined by comparison of GC and GC–MS data with
authentic samples. The regiochemical selectivity (1,5 vs.
1,6 closure) of radicals 9a, 9b, and 9c are summarized in
Table 2, along with comparative data for other 5-hexenyl
radical cyclizations. These data show that the regio-
selectivity of 4-oxa-substituted radicals 9a, 9b, and 9c do
not significantly deviate from the trends reported for the
all carbon analogs 9d, 9e, and 9f. In all these cases, the

Table 1. Regiochemistry of photocycloaddition of dienones
1: 1,5 (4) versus 1,6 closure (5)


Dienone 4:5


1a O


O


1.6:1a


1b O


O


CH3


1.1:1a


1c O


O CH3


Only 4ca


1e


O


CH3


Only 4eb


a See ref. 6.
b See ref. 7.


a Cyclizations performed at 40 8C except for 9f (80 8C).
b See ref. 8.
c See ref. 18.


Copyright # 2007 John Wiley & Sons, Ltd.

oxa-substituted systems show a slightly greater prefer-
ence for 1,5 closure than the carbon systems. Radicals 9a
and 9c undergo 1,5 cyclization to give, respectively,
tetrahydrofuran products 7a and 7c, with only trace
amounts of the 1,6 closure products tetrahydropyrans 8a
and 8c. Methyl substitution at C-5 promotes 1,6 closure in
both radicals 9b and 9e. The oxa system 9b gives 40% 1,6
cyclization (8b) and the methylene analog 9e gives 60%
1,6 closure (8e). The generally accepted mechanism for
tri-n-butyl radical generated hexenyl radical cyclizations
is shown in Scheme 2.8 Previous studies have shown that
the observed product composition is determined by the
initial mode of cyclization of the radical 9, since the
intermediate cyclized radicals 10 and 11 do not revert to
the acyclic radicals under the reaction conditions.9–11


Thus, despite the fact that 4-oxa substitution greatly
perturbs the electronic nature of the double bond being
attacked, there is no significant effect on the partitioning
of radical 9 to cyclize to either radical 10 or 11. This result
reinforces the computational analysis which shows that
radical addition reactions have early transition states and
that the regioselectivity can be largely attributed to steric
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Scheme 2


Table 3. Relative cyclization rate constantsa


Radical Temperature (8C) k1/k2 k1/k3


9a
O


40 697 0.030


65 546 0.047
90 327 0.062


9c O


CH3


40 1214 0.183


63 954 0.216
90 679 0.276


a Rate constants are �10%.


Table 4. Estimated absolute rate constants k1


Radical k1 (s
�1)a


9a
O


3.0� 104
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factors.12 Houk and Beckwith have both reported
computational models which attribute the change in the
regiochemistry of the cyclization with 5-methyl substi-
tution to steric factors which destabilize the chair-like
conformation, leading to 1,5 cyclization and permit the
1,6-cyclization mode to become competitive13,14.


Kinetic analyses of the radical cyclizations provide
some insight to the effect of remote methyl substitution at
C-3. Kinetic studies on the cyclization of bromides 6a and
6c (Fig. 1) were performed at three temperatures (40 8,
65 8, and 90 8C). The data analysis was based on the
accepted mechanistic scheme (Scheme 2). The relative
rate constants are listed in Table 3 and were determined
by fitting the data to the integrated rate equation reported
by Smith and Butler for the 3-oxa-5-hexenyl radical.10


Following previous studies, estimates of the absolute rates
were made by assuming that the rate of bimolecular

O


R2


R1


Br


AIBN (cat)


Bu3SnH, 
OO


R1


R2CH3


R2


R1


+


6 7 8
a:   R1 = R2 = H                  
b:   R1 = H,  R2 = CH3
c:   R1 = CH3,  R2 = H


Figure 1
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capture of 9 by Bu3SnH is not significantly different than
the value determined for the n-hexyl radical.8,10 The
values are listed in Table 4. 4-Oxa substitution retards the
rate of cyclization of the unsubstituted system 9a by
3.7-fold, relative to the carbon analog 9d.8 The reduced
rate of the radical addition to an electron-rich vinyl ether
has also been seen in intermolecular reactions of alkyl
radicals to vinyl ethers, and is consistent with attributing
some nucleophilic character to simple alkyl radicals.15


This effect may also explain the slight increased
preference for 1,5- cyclization seen with 4-oxa substi-
tution, where the nucleophilic radical prefers to add to the
less electron-rich end of the double bond.16 Methyl
substitution at C-3 (9c) enhances the rate of cyclization
six-fold at 40 8C and 4.5-fold at 90 8C, relative to 9a. The
effect of substitution, remote from the reacting centers is
most likely the result of conformational factors, where

9c
O


CH3


1.8� 105


9d 1.1� 105 b


a 408C.
b See ref. 8.
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C-3 substitution increases the energy of the ground state
extended conformation but has little effect on the
transition state. This results in a decrease in the activation
energy of the cyclization reaction (’gem-dialkyl
effect’17). A similar effect was noted by Beckwith
where 9f cyclized 3.2-fold faster at 80 8C than the parent
system 9d.18


The 4-oxa-5-hexenyl radical does not provide a direct
model to explain the regiochemistry observed in the
intramolecular photocycloadditions of 2-acyl-4-oxa-1,5-
hexadienes 1a,b,c. The significant amount of 1,6-closure
product observed for 1a does not correlate with the radical
system (9a). However, the radical model may give some
insight into the course of the photocycloadditions.
Mechanistically, these two reactions are significantly
different. In the radical reactions, the product distri-
butions are governed by the irreversible kinetically
controlled cyclizations to radicals 10 and 11. The
regiochemistry of the cyclization displays little sensitivity
to electronic effects, but is highly sensitive to non-bonded
interactions at C-3 and C-5. In contrast, the formation of
products in the photocycloaddition reactions are much
more complex and depend on the partitioning of the initial
mode of cyclization of the dienone excited state to
biradicals 2 and 3, coupled with the relative rates of
reversion to starting material versus closure/fragmenta-
tion to products by the transient biradicals. In addition,
the photochemical reaction is further complicated by the
various possible spin multiplicities (singlet and triplet) of
the excited dienone and biradical intermediates, along the
reaction pathway. If the radical system can be used as a
guide, we would expect the regioselectivity of the initial
bond formation in the photocycloaddition of 1 would be
largely unaffected by oxa substitution. The dramatic
increase in 1,6-closure products observed for 1a and 1b,
relative to the analogous carbon systems, would then arise
by an increase in the rate of fragmentation of 1,4-biradical
intermediate 3 (X——O) to the photo-Claisen product 5.
Formation of a carbonyl group (vs. an alkene) promotes
this fragmentation pathway. The radical model shows that
C-3 methyl substitution increases the overall rate of
cyclization and promotes 1,5 over 1,6 closure. This
suggests that the effect of C-3 substitution in the
photochemical cyclization of 1c is to facilitate the
preferential formation of biradical intermediate 2c over
3c. The less likely alternative explanations require that
C-3 substitution increases the relative rates of reversion of
biradical 3c, compared with fragmentation to photo-
product 5c and/or C-3 substitution increases the relative
rates of collapse of biradical 2c to photoproduct 4c,
compared with reversion to starting material.

CONCLUSIONS


4-Oxa-substituted 5-hexenyl radicals cyclize to give
tetrahydrofurans and tetrahydropyrans. While the regios-

Copyright # 2007 John Wiley & Sons, Ltd.

electivity of the cyclization (1,5 vs. 1,6) is largely
unchanged compared to the all carbon system, the
electronic perturbation caused by oxa substitution
decreases the rate of cyclization. These results are
consistent with the view that radical cyclizations have
early transition states12 and that the regioselectivity is
largely determined by geometric constraints, imposed by
the competing transition states.13,14


Although the radical model does not offer a direct
parallel to the regioselectivity observed for the photo-
cyclizations of the 4-oxa-1,5-hexadienes, the radical
model does offer mechanistic insights to the more
complex photochemical reaction and suggests that the
regioselectivity in the photocyclization may be governed
by the reversion rates of the biradical intermediates. In
addition, the radical model reinforces the interpretation
that ground state conformational effects, engendered by
modest substitutions, remote from the reacting centers
have important consequences on the rates of cyclization
reactions.

EXPERIMENTAL


General


NMR spectra were obtained on a Bruker NR200MHz
spectrometer in CDCl3. Analytical gas chromatography
(GC) was carried out on a Hewlett-Packard 5890A
chromatograph, equipped with a 12m� 0.2mm OV-101
capillary column. Mass spectra were recorded on an
Hewlett-Packard 5970MS coupled to an Hewlett-Packard
5890GC.


Azoisobutyronitrile (AIBN) was recrystallized from
methanol and stored under argon. Anhydrous decalin (cis,
trans mixture) was used without further purification.
Tri-n-butyltin hydride was distilled at reduced pressure,
prior to use. Ethyl vinyl ether and 2-methoxypropene
were distilled over sodium metal, prior to use.


General synthesis of bromo-vinyl ethers (6). The
appropriate bromo-alcohol was mixed with a large excess
(�30�) of either ethyl vinyl ether or 2-methoxypropene
in an oven-dried 100ml round bottom flask. A catalytic
amount of mercuric acetate (�0.1 equivalents) was added
and the reaction was heated at reflux for 24 h in a nitrogen
atmosphere. The reaction mixture was diluted with ether,
washed with sodium bicarbonate and brine solutions, and
dried over sodium sulfate. The ether was removed by
simple distillation. The product was purified by flash
chromatography (silica gel, 2% ether, pentane), followed
by bulb-to-bulb distillation at reduced pressure. The pure
bromo-vinyl ethers were stored over K2CO3 under N2 and
stored in the freezer.


1-Bromo-4-oxa-5-hexene (6a). 3-Bromo-1-propanol
(2.20 g, 15.8mmol) was allowed to react with 50ml of
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ethyl vinyl ether and mercuric acetate (0.51 g, 1.6 mmol).
The bromo-vinyl ether product (1.94 g, 11.8mmol, 75%
yield) distilled at 60–80 8C at 28 torr. 1H NMR: 6.45 (1H,
dd, J¼ 14.3, 6.9Hz), 4.19 (1H, dd, J¼ 14.3, 2.2Hz), 4.01
(1H, dd, J¼ 6.8, 2.2Hz), 3.81 (2H, t, J¼ 5.9Hz), 3.50
(2H, t, J¼ 6.5Hz), 2.18 (2H, quintet, J¼ 6.2Hz).
13C NMR: 151.6, 86.8, 65.2, 32.1, 30.0. GC–MS: 164
(Mþ), 166 (Mþ 2).


1-Bromo-5-methyl-4-oxa-5-hexene (6b). 3-Bromo-
1-propanol (2.52 g, 18mmol) was allowed to react with
50ml of 2-methoxypropene and mercuric acetate (0.60 g,
1.8mmol). The bromo-vinyl ether product (0.86 g,
4.8mmol, 27% yield) distilled at 70–80 8C at 30 torr.
1H NMR: 3.84 (2H, brs), 3.77 (2H, t, J¼ 5.8Hz), 3.51
(2H, t, J¼ 6.5Hz), 2.2 (2H, quintet, J¼ 6.2Hz), 1.8
(3H, s). 13C: NMR: 159.5, 81.4, 64.5, 32.1, 30.1, 20.8.
GC–MS: 178 (Mþ), 180 (Mþ 2).


1-Bromo-3-methyl-4-oxa-5-hexene (6c). 1-Bromo-
3-butanol (4.83 g, 31.6mmol) was allowed to react with
60ml of ethyl vinyl ether and mercuric acetate (1.2 g,
3.8mmol). The bromo-vinyl ether product (1.53 g,
8.6mmol, 27% yield) distilled at 65–75 8C at 30 torr.
1H NMR: 6.63 (1H, dd, J¼ 14.2, 6.6Hz), 4.28 (1H, dd,
J¼ 14.2, 1.2Hz), 4.07 (1H, m), 4.0 (1H, dd, J¼ 6.6,
1.6Hz), 3.45 (2H, t, J¼ 6.1Hz), 2.0 (2H, m), 1.2 (3H, d,
J¼ 6.2Hz). 13C NMR: 150.7, 88.6, 73.4, 39.5, 29.7, 19.6.
GC–MS: 178 (Mþ), 180 (Mþ 2).


KINETICS AND PRODUCT STUDIES


The kinetics studies were modeled after the studies by
Butler and Walling.8,10 Decalin solutions of the bromo-
vinyl ethers 6 (80–350mM), tri-n-butyl tin hydride
(30–100mM), AIBN (0.6–3.2mM), and an internal
standard (octane) were prepared and sealed in Pyrex
tubes, following degassing by three freeze-pump-thaw
cycles. The ratio of bromo-vinyl ether to tin hydride was
�3:1 in each sample. Three concentrations were
examined at each temperature studied and duplicate
tubes of each concentration were prepared. The samples
were heated at the desired temperatures until the reactions
consumed all of the hydride and then analyzed by
capillary GC. Each tube was analyzed at least twice and
the results were averaged. Products were identified by
comparison to authentic samples and GC–MS. The
combined chemical yields (GC) of products 7, 8, and 12
(based on the initial hydride concentration), where
84–91% for radical 9a, 80–90% for radical 9b, and
95–100% for radical 9c. Response factors were deter-
mined for all products with reference to the internal
standard. The data were fitted to the integrated rate

Copyright # 2007 John Wiley & Sons, Ltd.

equation (the integrated rate equation was essentially
taken from ref. 10 after correcting for the typographical
error that omitted the minus sign).


½12�F ¼ ½Bu3SnH�I �
k1 þ k2


k3
ln
k1 þ k2 þ k3½Bu3SnH�I


k1 þ k2


where [12]F is the final concentration and [Bu3SnH]I is
the initial concentration. This analysis allowed determi-
nation of the values of k1/k2 and k1/k3 or k2/k3 by using the
substituted equation:


½12�F ¼ ½Bu3SnH�I � xðr þ 1Þ ln 1þ ½Bu3SnH�I
xðr þ 1Þ


where x¼ k2/k3 and r¼ k1/k2¼ [7]/[8]. For an exper-
imentally determined value of r, x was varied until the
value for [12]F calculated matched the value of [12]F
observed.
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ABSTRACT: The B3LYP/6-31G� method w
(1,2-propadiene) (1), 1,2,3-butatriene (2), 1,2,3,4-
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as used to investigate the configurational properties of allene
pentateriene (3), 1,2,3,4,5-hexapentaene (4), 1,2,3,4,5,6-heptahexaene


(5), 1,2,3,4,5,6,7-octaheptaene (6), 1,2,3,4,5,6,7,8-nonaoctaene (7), and 1,2,3,4,5,6,7,8,9-decanonaene (9). The
calculations at the B3LYP/6-31G� level of theory showed that the mutual interconversion energy barrier in compounds
1–8 are: 209.73, 131.77, 120.34, 85.00, 80.91, 62.19, 55.56, and 46.83 kJmol�1, respectively. The results showed that
the difference between the average C——C double bond lengths (d) values in cumulene compounds 1 and 2, is larger
than those between 7 and 8, which suggest that with large n (number of carbon atoms in cumulene chain), the d values
approach a limiting value. Accordingly, based on the plotted data, the extrapolation to n¼1, gives nearly the same
limiting d(i. e., dlim). Also, NBO results revealed that the sum of p-bond occupancies, poccupancy, decrease from 1 to 8,
and inversely, the sum of p-antibonding orbital occupancies, p�


occupancy, increase from compound 1 to compound 8. The
decrease of Dðpoccupancy � p�


occupancyÞ values for compounds 1–8, is found to follow the same trend as the barrier
heights of mutual interconversion in compounds 1–8, while the decrease of the barrier height of mutual interconver-
sion in compounds 1–8 is found to follow the opposite trend as the increase in the number of carbon atom. Accordingly,
besides the previously reported allylic resonant stabilization effect in the transition state structures, the results reveal
that the d values, Dðpoccupancy � p�


occupancyÞ, D(EHOMO�ELUMO), and the C atom number could be considered as
significant criteria for the mutual interconversion in cumulene compounds 1–8. This work reports also useful
predictive linear relationships between mutual interconversion energy barriers (DEa


0) in cumulene compounds and the
following four parameters: d, Dðpoccupancy � p�


occupancyÞ, D(EHOMO�ELUMO), and CNumber . Copyright # 2007 John
Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/v20.html

KEYWORDS: cumulene; molecular modeling; DFT calculations; NBO; configurational properties

INTRODUCTION


Cumulenes are the homologous series of hydrocarbons
that contain multiple, sequential double bonds sharing
common atoms.1 Allene (1,2-propandiene) (1), 1,2,3-
butatriene (2), and 1,2,3,4- pentatetraene (3) are the first
three members of this series. All these compounds have
linear equilibrium geometries, with the four attached
ligands alternating along the series between planar (D2h)
and orthogonal (D2d) arrangements. Many aspects of
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ampus, Islamic Azad University, Hesarak, Poonak,
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cumulene stereochemistry, synthesis, and reactivity have
been investigated, and some of these aspects, are reported
in several reviews.2–6 Generally, linear cumulenes are not
inherently ‘strained.’ Usually, strain implies some
deviation from an ideal bonding geometry; however, this
is not true for allene (1,2-propadiene) (1) ([2]cumulene),
1,2,3-butatriene (2) ([3]cumulene), 1,2,3,4-pentateriene
(3) ([4]cumulene), 1,2,3,4,5-hexapentaene (4) ([5]cumu-
lene), 1,2,3,4,5,6-heptahexaene (5) ([6]cumulene), 1,2,3,
4,5,6,7-octaheptaene (6) ([7]cumulene), 1,2,3,4,5,6,7,8-
nonaoctaene (7) ([8]cumulene), and 1,2,3,4,5,6,7,8,9-
decanonaene (9) ([9]cumulene), which contain ordinary
sp- and sp2-hybridized carbons. Nevertheless, the elec-
tronic structure of cumulenes and their ability to form
stabilized intermediates do render them highly reactive.
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Many allenes dimerize easily, but unsubstituted higher
cumulenes, such as 6 and 7, readily polymerize when they
are not in dilute solution.


Cis-trans isomerism exists not only in monoenes but
also in polyenes of the cumulene type, with an odd
number of double bonds [ab(C——)nCcd, where n is odd],
as was previously recognized by van’t Hoff.7 It is also
well known that when n is even in cumulene compounds
(e.g., allenes, etc. . .), there is enantiomerism due to the
fact that successive planes of p bonds are orthogonal to
each other. The cis-trans isomerism in butatriene
derivatives was first observed by Kuhn and Blum.8 The
DH# values between the diastereoisomers is relatively
low: 129.64 kJmol�1 for CH3CH——C——C——CHCH3 and
only 112.91 kJmol�1 for t-Bu(C6H5)C——C——C——
C(C6H5)t-Bu.


9,10 The values of DG# for the two cases,
132.15 and 125.26 kJmol�1,11 are in agreement with the
values for RR0C——C——C——CRR0 (R¼C6H5, R’¼C(CH3)2
CH2C6H5), for example, 125.04 kJmol�1.10 The t-Bu/
C6H5 compound has a remarkably negative activation
entropy for isomerization (DS#¼�31.99 Jmol�1 K�1).
The low barriers are presumably due to zwitterionic or
biradical resonance. It is therefore not surprising that the
cis-trans isomers interconvert readily, either photoche-
mically or thermally at 160 8C. In the case of the subs-
tituted hexapentaenes, 1,2,3,4,5-hexapentaene (5]cumu-
lene), the barrier is considerably lower. The energy barrier
of the cis-trans isomerization of RR0C——C——C——C——
C——CRR0 (R¼C6H5, R0¼C(CH3)2CH2C6H5) is
79.88 kJmol�1.10 This barrier is too low for the separation
of cis and trans isomers, but since the equilibrium
constant in such isomers is near unity,9 it is relatively easy
to measure the barrier by coalescence in the NMR
spectrum.


The higher cumulenes with an odd number of double
bonds, 1,2,3,4,5,6,7-octaheptaenes (6) ([7]cumulenes)
and 1,2,3,4,5,6,7,8,9-decanonaenes (8) ([9]cumulenes),
polymerize with extreme ease and are only fleetingly
stable even in dilute solution.12,13 Though their UV
spectra have been recorded, there is no information about
the mutual interconversion of these compounds.


Ultraviolet photoelectron spectra of linear chain
cumulene compounds with phenyl terminal groups to
stablize the chain have been measured and assigned with
semi-empirical molecular orbital (MO) calculation.14


Previously, B3LYP/D95� and B3LYP/aug-cc-Pvdz results
have showed that the results of these methods are

Scheme 1. Typical mutual i
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sufficiently accurate for the calculation of energies of
neutral and anion carbon chains.15 Also, these results
have shown that the bond lengths of carbon–carbon bonds
decrease rapidly toward an asymptotic limit, as the
number of bonds in the cumulene chain increase.


Alkorta and Elguero16 have estimated, for a series of
polyyne/cumulene pairs at the B3LYP/6-311þþG��


level, the differences in stability obtained through the
following isodesmic equation:


H��ðC��CÞn�� Hþ H2C¼¼CH2


! H2ðC¼¼CÞnH2 þ HC��CH


They have, particularly, concluded that as the length
increases, the difference in stability also increases.


Zahradnik and Sroubkova17 have also used a very
simple procedure for estimating Hartree–Fock (HF)
energy and accurate non-relativistic energy with simple
hydrocarbons possessing C——C or CC bonds and for the
acetylene dimer. They have discussed the experimental
characteristics (heats of formation, ionization potentials,
electron affinities), structural features, and reactivity in
terms of quantum chemistry characteristics at the HF
level, and also at level including a part of the electron
correlation. Moreover, they have related the deviations
from linearity with derivatives of long polyacetylenes and
cumulenes to the lowest energy deformation vibrations. In
fact, these lowest energy deformation vibrations decrease
rapidly when passing from short to long acetylenic and
culmulenic chains. Finally, they have mentioned the role
of derivatives, with enhanced stability, which are
potentially promising as construction materials for
molecular devices and also resources for the preparation
of defined clusters of C-atoms.


The results reported in this work suggest that d
(average C——C double bond lengths),
Dðpoccupancy � p�


occupancyÞ, D(EHOMO�ELUMO), and car-
bon atom number (CNumber) could conveniently be
considered as four predictive criteria for evaluating the
mutual interconversion energy barriers in cumulene
compounds (see Scheme 1). For this purpose the ground
and transition state structures of compounds 1–8 have
been optimized by density functional theory (DFT) based
method, at B3LYP/6-31G� level of theory, using the
GAUSSIAN 98 package of programs.18–21 The B3LYP
functional method combines Becke’s three-parameter

nterconversion process
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exchange function with the correlation function of Lee
et al. Also, NBO (natural bond orbital) analysis was used
to investigate the nature of the bonds in compounds
1–8.22,23

COMPUTATIONAL DETAILS


DFT calculations were carried out using B3LYP/6-31G�


and unrestricted B3LYP/6-31G� (e.g., UB3LYP/6-31G�)
levels of theory for ground and transition state structures,
respectively, with the GAUSSIAN 98 package of
programs16 implemented on a Pentium–PC computer
with 550MHz processor.


Manually constructed appropriate Z-matrix files of
initial geometries of the compounds 1–8 were used as
input files for initial optimization by the PM3 method of
the MOPAC 7.0 computer program.24,25 The GAUSSIAN
98 program was finally used to perform DFT calculations
at the B3LYP/6-31G� level. Energy minimum molecular
geometries were located by minimizing the energy, with
respect to all geometrical coordinates without imposing
any symmetry constraints.


Due to the limitation concerning the structure of
cumulene compounds, a perpendicular geometry (with an
even number of carbon atoms) and a planar geometry
(with an odd number of carbon atoms), respectively, were
considered as TS structures for 1–8 cumulene com-
pounds. It has to be noted that based on MCSCF/3-21G�,
MCSCF/6-31G�, and SOCI/6-31G� calculations, Schmidt
et al.26 have reported that Hund’s rule is violated in the
rotation of C——C bond (e.g., a singlet structure lies below
the rotational maximum on the triplet surface). Usually,
the triplet structures lie 1–13 kJmol�1 below the
rotational maxima on the singlet surface.26


Effectively, in this work, the rotational energy barrier
of mutual interconversion of compounds 1–8 (DEa


0) is
defined as the energy difference between the unrestricted
B3LYP/6-31G� minimized triplet transition state struc-
tures and B3LYP/6-31G� minimized ground state
structures. The choice of the unrestricted B3LYP/
6-31G� method for the investigation of TS structures
was based on the fact that this method could describe the
biradical character of TS structures arising from the
breaking of the C——C bonds in the mutual interconver-
sion processes. Using the unrestricted B3LYP/6-31G�


method with triplet spin multiplicity, the resulting DEa
0


values were found to be lower than those obtained using
the same method but with singlet spin multiplicity for the
transition state structures. It is interesting to note that the
correspondingDEa


0with triplet spin multiplicity (using the
unrestricted B3LYP/6-31G� method for the transition
state structures) were also closer to the reported
experimental data.9–10 Therefore, this fact is in accord-
ance with Hund’s rule which would predict that the triplet
transition state structure energy is below the correspond-

Copyright # 2007 John Wiley & Sons, Ltd.

ing rotated singlet state, as shown below:


S0


T1


rotation around C=C double bond


E


The vibrational frequencies and zero point energies
(ZPE) were calculated by the FREQ subroutine. NBO
analysis was then performed at the B3LYP/6-31G� level
by the NBO 3.1 program22,23 included in the GAUSSIAN
98 package of programs.

RESULTS AND DISCUSSION


Zero point (ZPE) and total electronic (Eel) energies
(Eo¼Eelþ ZPE) for ground and transition state structures
of compounds 1–8, were calculated, respectively, using
restricted and unrestricted B3LYP/6-31G� levels of
theory (see Table 1). Table 2 shows the value of the
thermodynamic functionsH, S,G and theDG,DS, andDH
parameters. As can be seen, DS values are relatively
small, so that the calculated DH and DG parameters are
close to the DE0 values. The investigation of the energetic
and structural parameters of the family of cumulene
compounds present interesting relationships, as discussed
below.


B3LYP/6-31G� results show that the mutual inter-
conversion energy barriers for compounds 1–8 are:
209.73, 131.77, 120.34, 85.00, 80.91, 62.19, 55.56, and
46.83 kJmol�1, respectively. The mutual interconversion
energy barriers by calculating the B3LYP/6-31G� level of
theory for compounds 2 and 4 are in good agreement with
the previously reported experimental data (for some
derivatives of these compounds).9,10 These results reveal
that the mutual interconversion energy barriers for
compounds 1–8 decrease on increasing the number of
C atoms (chain length) in these compounds (see Table 1).


The representative restricted and unrestricted B3LYP/
6-31G� calculated structural parameters of the ground and
transition state geometries of compounds 1–8, respect-
ively, are given, in Figs 1 and 2. It can be noted that for the
ground state of compounds 1 and 2, the calculated
structural parameters results using the B3LYP/6-31G�


method are closer to the experimental data15 than those
obtained with the B3LYP/6-311G�� method. Although,
due to the nature of the various approximations involved
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in theoretical calculations, it is not expected, in principal,
to obtain exactly the experimental values.27 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.28–29


It can be seen that the chain length in transition state
geometries is longer than those of the corresponding
ground state structures (see Figs 1 and 2).


The average bond length (d) of C——C in cumulene
chain, in the ground state structures, can be defined by:


d ¼


Pn�1


i¼1


di


n� 1
; ðn � 3Þ


Using the B3LYP/6-31G� calculated bond lengths (di),
the average bond length (d) of C——C double bonds in the
ground state geometry of cumulene compounds was
calculated by the above equation and the results are
reported in Table 3. It is interesting to note the linear
relationship between the corresponding mutual inter-
conversion energy barriers and these average bond
lengths (d) in cumulene compounds 1–8 (see Table 4).
As can also be seen from Table 3, the difference between
the average bond lengths (d) in cumulene compounds 1
and 2 is larger than those between 7 and 8. Therefore, it
could be expected that with large n (number of carbon
atoms in cumulene chain) the differences between the
corresponding d would disappear. However, as can be
seen from the Table 4, when the analysis of these
compounds are separated into odd and even number of C
atoms the quality of linear correlation results improve
significantly (e.g., giving higher determination coeffi-
cients) in all three cases. Effectively, the quality of the
linear correlations, resulting from the separate fit of DEa


0


(kJmol�1) versus d (the average bond length in angström
(Å)) for odd and even number of C atoms, improve (e.g.,
higher determination coefficient R2), in all three cases
(see Table 4 and Figs 3 and 4). These results do not
confirm the previous statement15 concerning cumulene
compounds, for which ‘the bond lengths have no
remarkable alternation within the chain, although this
alternation converge gradually to an asymptotic limit as
the value of n is getting larger.’


NBO analysis was used to calculate the bonding and
antibonding orbital occupancies in the ground state
structures of compounds 1–8 (see Fig. 5). In the NBO
analysis22–23 the electronic wavefunctions are interpreted
in terms of a set of occupied Lewis and a set of
unoccupied non-Lewis localized orbitals. The delocaliza-
tion effects (or donor–acceptor charge transfers) can be
estimated from the presence of off-diagonal elements of
the Fock matrix in the NBO basis. The NBO program
searches for an optimal natural Lewis structure,which has
the maximum occupancy of its occupied NBOs, and in
general agrees with the pattern of bonds and lone pairs of
the standard structural Lewis formula. Therefore, the new
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Figure 1. B3LYP/6-31G� calculated structural parameters of the ground state geometries of compounds 1–8. aExperimental
and bB3LYP/6-311G�� data (see Ref.15 and References therein). Bond lengths are in angström (Å) and angles are in degree (8)


Table 2. Calculated thermodynamic functions (enthalpies, Gibbs free energies (in kcalmol�1), and entropies (in
kcalmol�1 K�1), for the energy-minimum and energy-maximum geometries of compounds 1–8


Geometry


Thermodynamic functions


H (kJmol�1) S (kJmol�1 K�1) G (kJmol�1) DHa (kJmol�1) DSa (kJmol�1 K�1) DGa (kJmol�1)


1-GS, (D2d) �306200.08 0.24 �306272.26 0.00 0.00 0.00
1-TS, (D2h) �305991.06 0.25 �306065.09 209.03 0.01 207.17
2-GS, (D2h) �406169.14 0.27 �406248.21 0.00 0.00 0.00
2-TS, (D2d) �406036.45 0.28 �406120.20 132.69 0.02 128.00
3-GS, (D2d) �506146.33 0.29 �506232.02 0.00 0.00 0.00
3-TS, (D2h) �506024.92 0.31 �506116.20 121.41 0.02 115.86
4-GS, (D2h) �606124.05 0.31 �606216.44 0.00 0.00 0.00
4-TS, (D2h) �606038.42 0.32 �606134.85 85.63 0.01 81.59
5-GS, (D2d) �706105.60 0.33 �706204.52 0.00 0.00 0.00
5-TS, (D2h) �706024.07 0.35 �706127.35 81.53 0.01 77.17
6-GS, (D2h) �806088.24 0.36 �806194.87 0.00 0.00 0.00
6-TS, (D2d) �806026.28 0.38 �806139.07 61.96 0.02 55.80
7-GS, (D2d) �906069.98 0.39 �906185.74 0.00 0.00 0.00
7-TS, (D2h) �906013.28 0.39 �906130.65 56.70 0.01 55.10
8-GS, (D2h) �1006054.85 0.40 �1006174.92 0.00 0.00 0.00
8-TS, (D2d) �1006008.40 0.42 �1006134.36 46.45 0.02 40.56


a Relative to the ground state structures.
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Figure 2. Unrestricted B3LYP/6-31G� calculated structural parameters for the transition state geometries of compounds 1–8.
Bond lengths are in angström (Å) and angles are in degree (8)


Table 3. NBO calculated mean p bonding and p� anti bonding orbital occupancies, the difference between p and p� values
(i.e., D ¼ poccupancy � p�) and the average bond length (d) for compounds 1–8, based on the B3LYP/6-31G� optimized ground
state geometries of compounds 1–8


1 2 3 4 5 6 7 8


poccupancy 1.97233 1.90752 1.88174 1.85488 1.83859 1.82335 1.81197 1.80191
p�
occupancy 0.05149 0.09964 0.12856 0.15011 0.16711 0.17985 0.19139 0.20000


Dðpoccupancy � p�
occupancyÞ 1.92084 1.80782 1.75318 1.70477 1.67148 1.64350 1.62058 1.60191


d 1.307 1.302 1.297 1.294 1.292 1.291 1.290 1.289


Table 4. Calculated linear correlation results for DEa0
(kJmol�1) versus d in compounds 1–8 with oddþ even,
odd and even number of C atoms, respectively


C atoms DEa
0 versus d R2


Oddþ even DEa
0 ¼ 8379:1 d � 10755 0.9621


Odd DEa
0 ¼ 9113:1 d � 11701 0.9997


Even DEa
0 ¼ 6463:7 d � 8282:5 0.9952
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orbitals are more stable than pure Lewis orbitals,
stabilizing the wave function, and giving a set of MOs
equivalent to canonical MOs.


Our NBO analysis revealed that the mean occupancies
of p bonding orbitals (e.g., p) decrease from compound 1
to compound 8, while the mean occupancies of p�


antibonding orbital occupancies (p�) increase for these
compounds (e.g., 1 to compound 8) (see Table 3).
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Figure 4. Fit of DEa0 (kJ mol�1) versus d (the average bond
length in angström (Å)) for compounds 2,4,6,8, with even
number of C atoms, which shows a linear correlation
represented by: DEa0 ¼ 6463:7 d � 8282:5 with R2¼0.9952
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Figure 3. Fit of DEa0 (kJ mol�1) versus d (the average bond
length in angström (Å)) for compounds 1,3,5,7, with odd
number of C atoms, which shows a linear correlation
represented by: DEa0 ¼ 6463:7 d � 8282:5 with R2¼0.9997
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Figure 5. NBO calculated p bonding (numbers presented above the chain) and p� antibonding (numbers presented below the
chain) orbital occupancies, based on B3LYP/6-31G� optimized ground state geometries of compounds 1–8
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Table 5. Calculated linear correlation results for DEa0
(kJmol�1) versus Dðpoccupancy � p�


occupancyÞ in compounds
1–8 with oddþ even, odd and even number of C atoms,
respectively


C atoms DEa
0 versus Dðpoccupancy � p�


occupancyÞ R2


Oddþ even DEa
0 ¼ 494:89 D� 749:94 0.9814


Odd DEa
0 ¼ 513:77 D� 778:11 0.9995


Even DEa
0 ¼ 413:24 D� 616:72 0.9900


Table 7. Calculated linear correlation results for DEa0
(kJmol�1) versus D(EHOMO� ELUMO) in compounds 1–8 with
oddþ even, odd, and even number of C atoms, respectively


C atoms DEa
0 versus D(EHOMO�ELUMO) R2


Oddþ even DEa
0 ¼ 907:16 D� 48:05 0.9899


Odd DEa
0 ¼ 948:88 D� 60:20 0.9996


Even DEa
0 ¼ 954:3 D� 50:19 0.9976


Table 8. Calculated linear correlation results for logDEa0
(kJmol�1) versus logCNumber in compounds 1–8 with
oddþ even, odd, and even number of C atoms, respectively


C atoms logDEa
0versus logCNumber R2


Oddþ even logDEa
0¼� 1:19 logCNumberþ2:90 0.9842


Odd logDEa
0¼� 1:19 logCNumberþ2:90 0.9955


Even logDEa
0¼� 1:12 logCNumberþ2:80 0.9988
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Figure 6. Fit of logDEa0(kJ mol�1) versus logCNumber for
compounds 1,3,5,7, with odd number of C atoms, which
shows a linear correlation represented by: logDEa0¼
�1:19 logCNumberþ2:90 with R2¼ 0.9955
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Using the obtained occupancy values, a ‘D’
parameter could be defined as Dðpoccupancy � p�


occupancyÞ.
There is a linear correlation between DEo and
Dðpoccupancy � p�


occupancyÞ (see Table 5). These results
indicate that with the increase of D values, the
corresponding DEo (e.g., mutual interconversion energy
barrier) increase. Consequently, the D parameter, that is,
Dðpoccupancy � p�


occupancyÞ, could be proposed as criterion
for the evaluation of the easiness of mutual interconver-
sion in cumulene compounds. As it can be seen from
Table 6, when odd and even number of C atoms are
separately fitted for these compounds, the quality of the
linear trend between DEa


0 and Dðpoccupancy � p�
occupancyÞ


improve perceptibly.
Also, B3LYP/6-31G� results showed that the HOMO -


�LUMO energy gap for compounds 1–8 are: 0.28362,
0.18933, 0.19247, 0.14435, 0.14800, 0.11780, 0.12135,
and 0.10027 eV, respectively (see Table 6). That is, the
HOMO�LUMO energy gap decreases in accordance
with the increase of the chain length (i.e., number of p
bond), and also with the decrease of the mutual
interconversion energy barriers in compounds 1–8.
However, this trend is more sensitive with an odd number
of p bands, resulting in a decreasing ‘zigzag’ aspect. This
conclusion agrees with the previous PM3 Hamiltonian
calculations14 and would suggest instability for the longer
cumulene type chain. There is again an improvement in
the quality of linear correlation between DEa


0 (kJmol�1)
versus D(EHOMO�ELUMO), when odd and even number
of C atoms are separately fitted for these compounds (see
Table 7).


It is interesting to note another predictive linear
correlation found between logDEa


0 (kJmol�1) versus
log CNumber in compounds 1–8 (see Table 8). The results
in Table 8 show again that higher correlation coefficients
are obtained, when odd and even number of C atoms are
separately correlated for these compounds. Therefore, the

Table 6. B3LYP/6-31G� calculated HOMO, LUMO energies (eV),
compounds 1–8


1 2 3


HOMO �0.26297 �0.23990 �0.23687 �0
LUMO 0.02065 �0.05057 �0.04440 �0
D(EHOMO�ELUMO) 0.28362 0.18933 0.19247 0


Copyright # 2007 John Wiley & Sons, Ltd.

reported linear equations predict fairly the activation
energy as a function of odd and even number of C atoms,
in cumulene compounds (see Figs 6 and 7).


Similarly, a predictive linear correlation is also found in
cumulene compounds 1–8 from the plot of 1/n versus d
(see Table 9). Figures 8 and 9 show the corresponding
linear plots found for n¼ odd and n¼ even number of C
atom in these compounds, respectively.

and HOMO� LUMO gaps in the ground state geometries of


4 5 6 7 8


.22618 �0.22409 �0.21787 �0.21643 �0.21241


.08183 �0.07600 �0.10007 �0.09508 �0.11214


.14435 0.14800 0.11780 0.12135 0.10027
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Figure 7. Fit of log DEa0(kJ mol�1) versus logCNumber for
compounds 2, 4, 6, and 8, with even number of C atoms,
which shows a linear correlation represented by:
log DEa0¼� 1:12 logCNumberþ2:80 with R2¼0.9988


Table 9. Calculated linear correlation results for 1/n versus
d for compounds 1–8 with odd and even number of C
atoms, respectively. dlim represents the extrapolation value
to n¼1


C atoms 1/n versus d R2 dlim


Odd 1=n¼ 13:238 d � 16:969 0.9989 1.282


Even 1=n¼ 11:48 d � 14:694 0.9958 1.280
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Figure 9. Fit of 1/n versus d for compounds 2, 4, 6 and 8,
with even number of C atoms, which shows a linear corre-
lation represented by: 1=n¼ 11:48 d � 14:694 with
R2¼ 0.9958
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From the corresponding linear correlation equations,
dlim (e.g., d value for 1/n! 0) can be estimated for
cumulene compounds. Based on a few number of points
in the linear correlation (e.g.. cumulene compounds 1–8),
approximately the same dlim values are obtained.
Effectively, the resulting values are found to be 1.282
and 1.280 Å, respectively, for cumulene compounds with
odd and even number of C atoms.
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Figure 8. Fit of 1/n versus d for compounds 1, 3, 5, and 7,
with odd number of C atoms, which shows a linear corre-
lation represented by: 1=n¼ 13:238d � 16:969 with
R2¼0.9989
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CONCLUSION


DFT calculations and NBO analysis provided a useful
picture and also revealed interesting predictive linear
relationships from structural, energetic, and bonding
points of view, for cumulene compounds 1–8. In
summary, the application of B3LYP/6-31G� DFT
showed, particularly, the following facts:

(a) A

 linear relationship between the corresponding
mutual interconversion energy barriers and the aver-
age C——C double bond lengths (d) in the ground state
geometries of cumulene compounds. The results
suggest that with the large number of carbon atoms
in these cumulene compounds, the d values approach
to a limiting value, which confirms the results
obtained by Mölder et al.15

(b) N

BO results revealed that the mean occupancies of p
bonding orbital occupancies ðpoccupancyÞ decrease
with the chain length in compounds 1–8, while
inversely, the mean occupancies of p� antibonding
orbital occupancies ðp�


occupancyÞ increase in these
compounds. The decrease of
Dðpoccupancy � p�


occupancyÞ values, from compound 1
to compound 8, followed the same trend as the barrier
heights of mutual interconversion in compounds 1–8.
This characteristic was found, fairly, to be expressed
as a linear relationship between DEo and
Dðpoccupancy � p�


occupancyÞ.


(c) B

3LYP/6-31G� results showed the HOMO�LUMO


energy gap decreases in accordance with the increase
of the chain length (i.e., number of p bond). Also, a
linear relationship was found to express the decrease
of the mutual interconversion energy barrier (DEa


0)
versus D(EHOMO�ELUMO), in compounds 1–8.

(d) T

he results revealed useful predictive linear relation-
ships, for cumulene compounds 1–8, between the
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corresponding mutual interconversion energy bar-
riers (logDEa


0 (kJmol�1)) versus log CNumber.


(e) F

rom the corresponding linear plots of 1/n versus d,


approximately the same dlim values (for 1/n! 0)
were also obtained for cumulene compounds with
n¼ odd and n¼ even number of C atoms.

Briefly, besides the reported allylic resonance stabil-
ization effect in the transition state structure of the
cumulene compounds, the results revealed, particularly,
that the presented predictive linear relationships
between mutual interconversion energy barriers and the
following four parameters (d, D(EHOMO�ELUMO),
Dðpoccupancy � p�


occupancyÞ, and CNumber) could be con-
sidered as significant criteria for evaluating the mutual
interconversion in cumulene compounds.
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ABSTRACT: Based on the relationship between the heat of formation and the change of valence electronic energy in
the formation of a compound from its component atoms, and combined with the relationship between the first
ionization potential and the average valence electronic energy, the direct link of ionization potential, Ip, with the heat
of formation, DH0


f, was deduced for organic homologous compounds, that is,


Ip � Nve;m ¼ aþ b
X


SVEEx � DH0
f


h i
þ cRm


where Nve,m is the number of valence electrons in molecule, SVEEx is the sum of valence electronic energy of isolated
atoms forming the molecule, the term ðSSVEEx � DH0


f
Þ expresses the initial-state effect of the molecule, and the


symbol Rm represents its final-state effect (polarizability effect). The above equation was confirmed by the correlations
between the ionization potentials and the heat of formation of alkanes, alkenes, monosubstituted alkanes RY
(Y¼OH, NH2, SH, Cl, Br, and I), in which all the expressions have good correlations with correlation coefficients
more than 0.9990. With the obtained correlation equations, the ionization potentials of some monosubstituted alkanes
were predicted from their experimental heats of formation. The result provides a new insight into the intercorrelation
between the ionization potential and the heat of formation for organic homologous compounds. Copyright # 2007
John Wiley & Sons, Ltd.

KEYWORDS: ionization potential; heat of formation; valence electronic energy; alkane; alkene; monosubstituted alkane

INTRODUCTION


It is well known that the property of a compound is
dominated by its molecular structure. When a new
organic compound was synthesized and its diverse
physicochemical properties (such as melting point
(mp), boiling point (bp), heat of formation, and ionization
potential, etc.) were measured, an interesting as well as a
fascinating doubt would arise. That is, how does a kind of
physicochemical property associate with another one?
The investigation of this subject helps us not only to
understand the correlation between the molecular
structure and the property or activity, but also to predict
the property of a more expensive or time-consuming test
from that of less expensive tests and measurements.1


Katritzky et al.1 observed a pair correlation between the
properties (mp, bp, refractive index, molar volume (MV),
and density), and got the results that no pair within the five
properties is highly intercorrelated for all the three kinds

to: C. Cao, School of Chemistry and Chemical
an University of Science and Technology, Xiangtan,
Republic of China.
nust.edu.cn


7 John Wiley & Sons, Ltd.

of compounds, aldehydes, amines, and ketones. Needham
et al.2 investigated the correlations among the eight
physical properties of 74 normal and branched alkanes, in
which the eight properties were bp, molar volume (MV),
molar refraction (MR), heat of vaporization (HV), surface
tension (ST), mp, critical temperature (Tc), and critical
pressure (Pc). It was observed that some pairs of
properties had good correlations, such as the pair of bp
and Tc, bp and HV, MVand MR, etc., but the correlations
were bad between the mp and other seven properties.
However, we think, the intercorrelations must exist
among these physicochemical properties originating from
a same molecular structure. Perhaps, some of the
correlations among those properties are easily observed
(e.g., the density D, molar volume MV, and the molar
mass M have the relationship of D¼M=MV for liquid
compounds), while others are difficult to be searched for.


Commonly, it was viewed that the ionization potential
of a molecule reflects its valence electronic energy in
the highest occupation molecule orbital (HOMO), and the
heat of formation scales the energy change during the
formation of a molecule from its component atoms. Thus,
an interesting topic is put forward, that is, how to link the
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heat of formation with the first ionization potential for a
compound. Jones et al.3 measured the ionization potential
(Ip) of thioformaldehyde and evaluated its heat of
formation. Shapiro et al.4 and Kohn et al.5 determined
the heat of formation of dichlorocarbene CCl2 by means
of measuring its ionization potential. McAllister et al.6


and Burkey et al.7 also evaluated the heat of formation
of PH2 and a-aminoalkyl radicals from the experimental
ionization potentials. Recently, Thanikaivelan8 used
quantum chemistry method to calculate the ionization
potential of alkanes (C2–C8) and investigated the
correlation between the ionization potential and the heat
of formation. All the meaningful works mentioned above
indicate that there seems to be a direct link between the
ionization potential and the heat of formation for a series
of organic compounds, but they did not obtain a general
relationship for this link. This paper intends to investigate
this link.

THE LINK OF THE IONIZATION POTENTIAL
AND THE HEAT OF FORMATION


A compound AnBm is formed from the isolated atoms A
and B, as shown in Eqn (1):


nAþ mB ! AnBm (1)


where n and m are the number of atoms A and B,
respectively. What we are concerned about Eqn (1) is how
to correlate the ionization potential of the molecule AnBm


with its heat of formation and the properties of the
isolated atoms A and B. Based on the viewpoint of
chemistry, the heat of formation of molecule AnBm


mainly depends on the energy difference between the
valence electrons of AnBm and those of the corresponding
atoms A and B. According to Parr’s9 definition,
electronegativity x is the negative value of the chemical
potential m of an atomic or a molecular electron cloud
[see Eqn (2)].


x ¼ �m ¼ � @E


@N


��
n


(2)


where E is the exact Hohenberg and Kohn energy
functional for an N-electron system characterized by an
external potential n.


From Eqn (2), the total energy of all valence electrons
in an atom or a molecule can be calculated with Eqn (3).


SVEE ¼ �
ZNve


0


xdN ¼
ZENve


E0


dE (3a)


or


SVEE ¼ �xNve ¼ ENve
� E0 (3b)


in which SVEE is the sum of valence electronic energy,
Nve is the valence electron number of an atom or a
molecule. Allen10 suggested that ‘electronegativity is the

Copyright # 2007 John Wiley & Sons, Ltd.

average one-electron energy of the valence-shell elec-
trons in ground-state free atoms’, which can be expressed
as shown in Eqn (4).


x ¼ �
P


niEiP
ni


(4)


where Ei is the energy of ith valence electron and ni is the
number of the valence electron with energy Ei.
Combining Eqn (3b) with Eqn (4), we can get Eqn (5):


SVEE ¼ �xNve ¼ �
P


niEiP
ni
Nve (5)


For the ground-state neutral atom, Nve¼Sni, thus,
SVEE¼Sni Ei. For the ground-state molecule, the term
(SniEi)/(Sni) of Eqn (5) represents the average
one-electron energy of the valence electrons, which is
expressed with symbol Eavm in this work.


If the symbols Nve,x and Nve,m are employed to
represent the number of valence electrons in atom A (or
B) and molecule AnBm, respectively, and the symbols
SVEEx and SVEEm for the sum of valence electronic
energy of isolated atom A(or B) and the molecule AnBm,
respectively, the SVEEx and SVEEm will be calculated
with Eqns (6), (7).


SVEEx ¼ �
P


niEiP
ni


� �
x


Nve;x ¼ �
X


niEi


h i
x


(6)


SVEEm ¼ �
P


niEiP
ni


� �
m


Nve;m ¼ �EavmNve;m (7)


in which, Nve,x¼ (Sni)x, Nve,m¼SNve,x. That is, for the
molecule AnBm, Nve,m¼ nNve,AþmNve,B.


Therefore, the heat of formation DH0
f of


compound AnBm in Eqn (1) can be approximately
evaluated with Eqn (8), ignoring the inner-shell electron
energy.


DH0
f ¼ SVEEm � SSVEEx


¼ �Eavm � Nve;m � ½ � nðSniEiÞA
� mðSniEiÞB� (8)


in which SSVEEx ¼ �½nðSniEiÞA þ mðSniEiÞB�.
Equation (8) can also be expressed as Eqn (9).


EavmNve;m ¼ ½nðSniEiÞA þ mðSniEiÞB� � DH0
f (9)


It is Eqn (9) that correlates the total energy of valence
electrons in molecule AnBmwith its heat of formation and
the total energy of valence electrons in the corresponding
isolated atoms A and B, with which the average
one-electron energy of the valence electrons (Eavm) for
the molecule AnBm can be calculated.


Jolly11,12 even pointed out that ‘core electron binding
energies can be used to establish bench marks for the
comparison of valence-shell ionization potentials’, and
‘lone-pair ionization potential and the corresponding core
binding energies are linearly correlated only for sets of
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very similar molecules’. If we apply this thesis to the
organic homologous compounds and further postulate
that the first ionization potentials (Ip) of the homolog
are proportional to their average one-electron energy of
the valence electrons of the corresponding molecules, that
is, Ip¼ a0 Eavm, we can get the Eqn (10) from Eqn (9).


Ip � Nve;m ¼ a0½nðSniEiÞA þ mðSniEiÞB� � DH0
f � (10)


In fact, the further studies of Aitken13 and Cao14


showed that the core-ionization energy or first ionization
potential is dominated by two factors, the initial-state
effect and the final-state effect (polarizability effect). It
means that the Eqn (10) should be modified as Eqn (11).


Ip � Nve;m ¼ aþ b½½nðSniEiÞA þ mðSniEiÞB�


� DH0
f � þ cRm


¼ aþ bðSSVEEx � DH0
f Þ þ cRm (11)

Ip � Nve;m ¼ �11:1130ð�8:4611Þ þ 0:6382ð�0:0036ÞðSSVEEx � DH0
f Þ


þ42:8569ð�7:6324ÞGMPEI


R¼ 0:9999; S ¼ 1:70 eV;n¼ 21;F¼ 66248:24;Rcv ¼ 0:9998; Scv ¼ 2:06 eV


(13)

in which the term ðSSVEEx � DH0
f Þ expresses the


initial-state effect of the molecule AnBm, the symbol
Rm represents its final-state effect (polarizability effect),
and a, b, and c are the coefficients. Thus, Eqn (11)
provides a direct link of the ionization potential with the
heat of formation for organic homologous compounds.

CORRELATION BETWEEN THE IONIZATION
POTENTIAL AND HEAT OF FORMATION


Alkane


To verify the rationality of Eqn (11), this paper starts with
alkanes. This selection has three advantages: (i) the
ionization potentials and heats of formation of many
alkanes had been measured experimentally; (ii) all the
chemical bonds in alkane molecule are s bonds and no
functional groups exist in the molecule; (iii) the final-state
effect (polarizability effect) of alkane can be quantified
with the Geometric Mean Polarizability Effect Index
(GMPEI) proposed by Cao,14 and thus the Rm of Eqn (11)

Ip � Nve;m ¼ 43:3938 ð�2:3749Þ þ 0:6752ð�0:0035Þ ðSSVEEx � DH0
f Þ


�24:3280 ð � 1:0363ÞGMPEIp
R¼ 0:9997;S¼ 2:17 eV;n¼ 22;F¼ 18391:22;Rcv¼ 0:9996;Scv¼ 2:64 eV


(14)

can be displaced by GMPEI directly.
The dataset used in this work was obtained as follows.


The experimental ionization potentials Ips and heats of
formation DH0


f s of alkanes were taken from the

Copyright # 2007 John Wiley & Sons, Ltd.

literature,15 which was scaled with the unit eV
(1eV¼ 96.49 kJ/mol). The GMPEI was calculated with
Cao’s14 method. The SSVEEx was computed according
to the molecular component. Take CH4 for a calculation
example. It has one carbon atom with four valence
electrons (2s22p2) and four hydrogen atoms bearing one
valence electron (1s1). The energies of carbon atomic 2s
and 2p electrons are 16.6 and 11.3 eV, respectively, and
that of 1s electron of hydrogen atom is 13.6 eV.16 Hence,
the SSVEEx of CH4 is,


SSVEECH4


¼ ð16:6� 2þ 11:3� 2Þ � 1þ 13:6� 4


¼ 110:2ðeVÞ (12)


Using the above method, the obtained Ip, DH0
f ,


GMPEI, and SSVEEx values of some alkanes are listed
in Table 1.

Equation (13) is of good correlation. The average
absolute error between the experimental and calculated
ionization potential (see Table 1) is only 0.042 eV.


The cross-validation was also carried out with the
leave-one-out method and the obtained result (correlation
coefficient Rcv¼ 0.9998 and standard error Scv¼ 2.06 eV)
showed that the Eqn (13) has good stability and
predictability, with which the average absolute error
between the experimental and the predicted ionization
potential is 0.067 eV.


Alkene


The alkenes are different from alkanes in that the first
ionization takes place in the p bond. The final-state effect
(polarizability effect) mainly resulted from those sub-
stituted alkyls attached to the p bond. Therefore, the
polarizability effect Rm of Eqn (11) should be displaced
with the GMPEI of p bond (GMPEIp) of alkene.


14 Using
the experimental ionization potentials and heats of
formation of alkenes in Table 2, we got correlation
expression (14):

The statistical correlation of Eqn (14) is also good. The
average absolute error between the experimental and
calculated ionization potential (see Table 2) with Eqn (14)
is only 0.066 eV. The cross-validation was also carried out
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Table 1. The Ip, DH0
f , GMPEI, and SSVEEx values of some alkanes


No. Alkanea Ipexp.(eV)
b SSVEEx (eV) DH0


f (eV)b GMPEIc Ipcalc.(eV)
d


1 1 12.61 110.20 �0.77 1.0000 12.82
2 2 11.56 193.20 �0.87 1.1405 11.54
3 3 10.95 276.20 �1.08 1.2187 10.90
4 4 10.53 359.20 �1.30 1.2694 10.51
5 2m3 10.57 359.20 �1.39 1.2807 10.54
6 5 10.28 442.20 �1.52 1.3052 10.25
7 2m4 10.32 442.20 �1.59 1.3177 10.27
8 22mm3 10.20 442.20 �1.74 1.3360 10.30
9 6 10.13 525.20 �1.73 1.3322 10.06
10 2m5 10.12 525.20 �1.81 1.3441 10.08
11 3m5 10.08 525.20 �1.78 1.3469 10.08
12 22mm4 10.06 525.20 �1.93 1.3652 10.10
13 23mm4 10.02 525.20 �1.85 1.3576 10.09
14 7 9.93 608.20 �1.94 1.3533 9.92
15 8 9.80 691.20 �2.16 1.3703 9.80
16 2m7 9.84 691.20 �2.23 1.3803 9.81
17 224mmm5 9.86 691.20 �2.32 1.4108 9.84
18 2233mmmm4 9.80 691.20 �2.34 1.4359 9.86
19 9 9.71 774.20 �2.37 1.3844 9.71
20 10 9.65 857.20 �2.59 1.3963 9.64
21 11 9.56 940.2 �2.81 1.4064 9.57


am, methyl.; for example, 3m5 represents 3-methylpentane.
b Taken from Ref. 15.
c Calculated with the method of Ref. 14.
d Calculated with Eqn (13).


Table 2. The Ip, DH0
f , GMPEIp and SSVEExvalues of some alkenes


No. Alkene Ipexp. (eV)
a SSVEEx (eV) DH0


f (eV) a GMPEIp
b Ipcalc.(eV)


c


1 Ethylene 10.5138 166.00 0.54 1 10.90
2 Propene 9.73 249.00 0.21 1.5103 9.70
3 1-Butene 9.55 332.00 0.00 1.5951 9.53
4 cis-2-Butene 9.11 332.00 �0.07 2.1405 8.98
5 trans-2-Butene 9.1 332.00 �0.12 2.1405 8.98
6 Isobutene 9.239 332.00 �0.18 1.9604 9.17
7 1-Pentene 9.51 415.00 �0.22 1.6228 9.48
8 cis-2-Pentene 9.01 415.00 �0.29 2.2344 8.98
9 trans-2-Pentene 9.04 415.00 �0.33 2.2344 8.98
10 2-Methyl-1-butene 9.12 415.00 �0.36 2.0431 9.14
11 3-Methyl-1-butene 9.52 415.00 �0.29 1.6796 9.43
12 2-Methyl-2-butene 8.69 415.00 �0.43 2.6765 8.63
13 1-Hexene 9.44 498.00 �0.45 1.6469 9.44
14 cis-2-Hexene 8.97 498.00 �0.54 2.2699 9.02
15 trans-2-Hexene 8.97 498.00 �0.56 2.2699 9.02
16 2-Methyl-1-pentene 9.08 498.00 �0.62 2.0769 9.15
17 4-Methyl-1-pentene 9.45 498.00 �0.53 1.6225 9.46
18 2-Ethyl-1-butene 9.06 498.00 �0.58 2.1259 9.12
19 2,3-Dimethyl-1-butene 9.07 498.00 �0.65 2.1259 9.12
20 2,3-Dimethyl-2-butene 8.27 498.00 �0.71 3.2810 8.34
21 1-Octene 9.43 664.00 �0.84 1.6657 9.41
22 1-Decene 9.42 830.00 �1.28 1.6755 9.40


a Taken from Ref. 15.
b Calculated with the method of Ref. 14.
c Calculated with Eqn (14).
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Table 3. The Ip, SSVEEx, DH
0
f , and SPEI values of the monosubstituted alkanes RY


No. RYa Ipexp. (eV)
b SSVEEx DH0


f
c SPEId Ipcalc.


e(eV)


1 MeOH 10.84 221.60 �2.08 1.6243 10.91
2 EtOH 10.49 304.60 �2.43 1.7648 10.37
3 PrOH 10.10 387.60 �2.64 1.8130 10.17
4 i-PrOH 10.15 387.60 �2.83 1.9053 10.08
5 n-BuOH 10.04 470.60 �2.85 1.8365 10.06
6 s-BuOH 470.60 �3.03 1.9535 9.97
7 i-BuOH 470.60 �2.94 1.8611 10.04
8 OHC5 553.60 �3.05 1.8503 9.99
9 2OHC5 553.60 �3.22 1.9770 9.91
10 3OHC5 553.60 �3.26 2.0016 9.89
11 2m1OHC4 553.60 �3.12 1.8846 9.97
12 3m1OHC4 553.60 �3.12 1.8600 9.99
13 2m2OHC4 553.60 �3.41 2.0940 9.83
14 3m2OHC4 553.60 �3.25 2.0016 9.89
15 OHC6 636.60 �3.27 1.8593 9.95
16 2OHC6 636.60 �3.46 1.9908 9.87
17 OHC7 719.60 �3.49 1.8657 9.92
18 OHC8 802.60 �3.69 1.8704 9.89
19 2e1OHC6 802.60 �3.79 1.9309 9.86
20 OHC9 885.60 �3.90 1.8741 9.87
21 OHC10 968.60 �4.11 1.8770 9.86
22 OHC12 1134.60 �4.52 1.8814 9.83
23 OHC16 1466.60 �5.36 1.8868 9.80
24 MeOMe 9.98 304.60 �1.91 2.0000 10.04
25 EtOMe 387.60 �2.24 2.1405 9.82
26 PrOMe 470.60 �2.47 2.1887 9.76
27 i-PrOMe 470.60 �2.61 2.2810 9.69
28 n-BuOMe 553.60 �2.67 2.2122 9.74
29 s-BuOMe� 553.60 �2.83 2.3292 9.66
30 i-BuOMe� 553.60 �2.74 2.2368 9.72
31 t-BuOMe 553.60 �2.94 2.4215 9.60
32 C5OMe� 636.60 �2.90 2.2260 9.72
33 C6OMe� 719.60 �3.11 2.2350 9.72
34 C7OMe� 802.60 �3.33 2.2414 9.71
35 MeSH 9.44 192.20 �0.24 1.6243 9.55
36 EtSH 9.28 275.20 �0.48 1.7648 9.19
37 PrSH 9.19 358.20 �0.70 1.8130 9.15
38 i-PrSH 358.20 �0.79 1.9053 9.00
39 n-BuSH 9.14 441.20 �0.91 1.8365 9.17
40 s-BuSH 441.20 �1.00 1.9535 9.00
41 i-BuSH 441.20 �1.01 1.8611 9.13
42 t-BuSH 441.20 �1.14 2.0458 8.88
43 SHC5 524.20 �1.14 1.8503 9.19
44 2m2SHC4 524.20 �1.32 2.0940 8.90
45 3m1SHC4 524.20 �1.19 1.8600 9.17
46 3m2SHC4 524.20 �1.26 2.0016 9.01
47 SHC6 607.20 �1.35 1.8593 9.20
48 2m2SHC5 607.20 �1.54 2.1175 8.94
49 SHC7 690.20 �1.55 1.8657 9.22
50 SHC9 856.20 �1.98 1.8741 9.25
51 SHC10 939.20 �2.19 1.8770 9.26
52 MeSMe 8.69 275.20 �0.39 2.0000 8.66
53 EtSMe 8.55 358.20 �0.62 2.1405 8.59
54 PrSMe 441.20 �0.85 2.1887 8.67
55 i-PrSMe 441.20 �0.94 2.2810 8.54
56 n-BuSMe 524.20 �1.06 2.2122 8.76
57 s-BuSMe� 524.20 �1.16 1.3292 9.80
58 i-BuSMe� 524.20 �1.10 1.2368 9.91
59 t-BuSMe 524.20 �1.26 2.4215 8.51
60 n-C5SMe 607.20 �1.26 2.2260 8.83
61 C6SMe� 690.20 �1.48 2.2350 8.89
62 C7SMe� 773.20 �1.69 2.2414 8.94


(Continues)
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Table 3. (Continued)


No. RYa Ipexp. (eV)
b SSVEEx DH0


f
c SPEId Ipcalc.


e(eV)


63 MeNH2 8.97 207.90 �0.23 2.2486 9.02
64 EtNH2 8.86 290.90 �0.49 2.3891 8.82
65 PrNH2 8.78 373.90 �0.73 2.4373 8.75
66 i-PrNH2 8.72 373.90 �0.87 2.5296 8.72
67 n-BuNH2 8.71 456.90 �0.95 2.4608 8.72
68 i-BuNH2 8.70 456.90 �1.02 2.4854 8.71
69 s-BuNH2 8.70 456.90 �1.08 2.5778 8.68
70 t-BuNH2 8.64 456.90 �1.25 2.6701 8.66
71 MeBr 10.53 203.70 �0.37 1.0000 10.62
72 EtBr 10.29 286.70 �0.64 1.1405 10.24
73 PrBr 10.18 369.70 �0.90 1.1887 10.15
74 i-PrBr 10.075 369.70 �1.03 1.2810 10.04
75 n-BuBr 10.125 452.70 �1.11 1.2122 10.12
76 s-BuBr 9.98 452.70 �1.25 1.3292 10.00
77 t-BuBr 9.89 452.70 �1.37 1.4215 9.91
78 BrC5 10.10 535.70 �1.34 1.2260 10.10
79 BrC6 618.70 �1.54 1.2350 10.10
80 BrC7 701.70 �1.74 1.2414 10.09
81 BrC8 784.70 �1.96 1.2461 10.09
82 BrC12 1116.70 �2.80 1.2571 10.09
83 BrC16 1448.70 �3.63 1.2625 10.09
84 MeCl 11.30 210.60 �0.85 1.0000 11.34
85 EtCl 10.97 293.60 �1.16 1.1405 10.96
86 PrCl 10.82 376.60 �1.37 1.1887 10.78
87 i-PrCl 10.78 376.60 �1.50 1.2810 10.76
88 n-BuCl 10.67 459.60 �1.60 1.2122 10.67
89 s-BuCl 10.65 459.60 �1.67 1.3292 10.65
90 i-BuCl 10.66 459.60 �1.65 1.2368 10.67
91 t-BuCl 10.61 459.60 �1.89 1.4215 10.63
92 ClC5 542.60 �1.81 1.2260 10.60
93 3m1ClC4 542.60 �1.86 1.2357 10.60
94 3m2ClC4 542.60 �1.92 1.3773 10.57
95 2m2ClC4 542.60 �2.10 1.4932 10.55
96 2ClC6 625.60 �2.12 1.3665 10.53
97 ClC8 791.60 �2.48 1.2461 10.48
98 ClC12 1123.60 �3.33 1.2571 10.41
99 ClC18 1621.60 �4.62 1.2642 10.36
100 MeI 9.54 193.60 0.15 1.0000 9.59
101 EtI 9.33 276.60 �0.08 1.1405 9.30
102 PrI 9.26 359.60 �0.31 1.1887 9.26
103 i-PrI 9.17 359.60 �0.42 1.2810 9.14
104 t-BuI 9.02 442.60 �0.75 1.4215 9.04


am, methyl; e, ethyl, for example, 2m2SHC5 represents 2-methyl-2-butanethiol; The items marked with asterisk ‘�’ indicate that the experimental heat of
formation is unavailable for the compound, and its heat of formation was calculated with the method of Ref.18.
b Taken from Ref. 15.
c Taken from Ref. 18.
d Calculated with the method of Ref. 17.
e Calculated with Eqns (15)–(20) in Table 4, respectively.
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with the leave-one-out method and the obtained result
(correlation coefficient Rcv¼ 0.9996 and standard error
Scv¼ 2.64 eV) showed that the Eqn (14) has good
stability and predictability.

Monosubstituted alkane RY


Generally, the first ionization of monosubstituted alkane
RY (Y¼OH, NH2, SH, Cl, Br, and I) took place in the
nonbonded electron pair on Y. In this case, the
polarizability effect Rm of Eqn (11) should be displaced

Copyright # 2007 John Wiley & Sons, Ltd.

with the sum of the Polarizability Effect Index (SPEI) of
substituted groups attached to the Y.17 Using the Ip,
SSVEEx;DH


0
f , and SPEI values of the homologs,


ROH(R’), RNH2, RSH(R’), RBr, RCl, and I (see
Table 3), the correlation expressions (15)–(20) are
obtained and are shown in Table 4.


All equations in Table 4 have good correlations. Using
these equations to calculate the ionization potentials of
the monosubstituted alkanes in Table 3, the average
absolute error between the calculated and experimental
values is only 0.035 eV. Furthermore, with Eqns (15)–(20)
and the experimental heats of formation in Table 3, the
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Table 4. The correlation expressions (15)–(20) for monosubstituted alkanes RY (Equation:Ip � Nve;m ¼ aþ b½SSVEEx
�DH0


f � þ cSPEI)


Compound a b c R S n F Equation


ROH(R’) 38.8535 (�14.6871) 0.6997 (�0.0129) �26.2629 (�8.8083) 0.9996 2.2547 6 1754.97 15
RSH(R’) 76.3407 (�(7.7798) 0.6771 (�0.0096) �44.86622 (�4.5950) 0.9997 1.6864 6 2762.37 16
RNH2 19.2875 (�7.5330) 0.6197 (�0.0049) �9.787679 (�3.6543) 1.0000 0.6709 8 25339.19 17
RBr 32.2466 (�4.1844) 0.7284 (�0.0052) �32.21111 (�4.4222) 0.9999 1.0147 8 19033.81 18
RCl 10.5238 (�3.1221) 0.7385 (�0.0050) �7.862444 (�3.7101) 1.0000 0.6814 8 35293.86 19
RI 37.3872 (�8.8082) 0.6788 (�0.0209) �34.43429 (�12.6207) 0.9999 1.0201 5 6745.49 20
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ionization potentials of some RY compounds are
predicted and listed in Table 3, the reliability of the
predicted results remains to be tested by further
experiments.

DISCUSSION


The results of above-obtained Eqns (13)–(20) showed that
Eqn (11) expresses the link between the ionization
potential and the heat of formation for organic
homologous compounds well. The coefficients before
the term ðSSVEEx � DH0


f Þ of Eqns (13)–(20) are all
positive, and are in the range of 0.60–0.80, which
indicates that the postulation of Ip¼ a0 Eavm is rational
and the molecular average valence electronic energy Eavm


is 1/0.60–1/0.8 (or 1.67–1.25) times of its first ionization
potential. Therefore, Eqn (11) provides a new insight into
the intercorrelation between the ionization potential and
the heat of formation for organic homologous com-
pounds.
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ABSTRACT: Air-stable hybrid organic–inorganic nanoparticles were prepared, comprising photochromic cationic
diarylethene species intercalated in layered MnPS3 by using a microemulsion method. The prepared hybrid material
exhibited typical photochromic and fluorescent switch behavior similar to that in solution. Although its response to
light was less sensitive, the hybrid material reduced the effect of solvents on its photochromism, and afforded a new
approach to the application of molecular switch in solid. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; diarylethene; MnPS3; hybrid; fluorescence

INTRODUCTION


Photochromic materials are of great interest due to their
applications in optical storage, memory devices, com-
munication systems etc.1 Most of the current researches
are carried in solution, however, solvents usually affect
the material’s photochromic behavior. In order to explore
the photochromic property used for solid-state appli-
cations and nanomemories, the materials are usually
embedded in a solid matrix. Classical strategies include
dispersion of the molecular species in organic polymers
like Polymethylmethacrylate (PMMA),2 hybrid inorga-
nic–organic composites such as mesoporous silicates,
clay, and layered intercalation compounds.3


Several years ago, Clement et al. found that photo-
responsive organic cations could be intercalated in
layered MnPS3, affording hybrid intercalates that
possessed various ‘combined’ properties. 4,5 When
N-methylated pyrido-spiropyran cations were used,
intercalation considerably stabilized the merocyanine
(MC) form to such an extent that the MC form was no
longer able to revert back to the spiropyran (SP) form in
the absence of prolonged irradiation by visible light,
which was ascribed to the formation of J-aggregates by
the MC planar forms within the weak polar interlayer
medium.6 While nanoparticles of this material afforded a
compromise between optical bistability and fast photo-
response, SP embedded – in layered MnPS3 – nanopar-
ticles could undergo photochromism efficiently.7

to: T. Yi, Department of Chemistry & Laboratory of
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As a thermal irreversible photochromic compound,
diarylethene has attracted much interest due to its
excellent fatigue-resistance. 1b,8 Diarylethenes have
two conformations, which are in dynamic equilibrium;
however, only the anti-parallel conformation can undergo
photocyclization reaction. Thus the photocyclization
quantum yield can be expected to be increased by
enhancing the ratio of the anti-parallel conformation with
inclusion of the molecules in a fixed cage. Irie et al.
included diarylethene compounds in cyclodextrin cavity
to study the effect of cyclodextrin on diarylethene’s
photocyclization quantum yield. 9 To improve diary-
lethene’s photocyclization efficiency, a hybrid mesopor-
ous silica material containing diarylethene was also
investigated. 10 Herein, we prepared a cationic diary-
lethene 1 containing bispyridinium (Scheme 1) and
intercalated it to the layer of an inorganic MnPS3


nanomaterial at the first time by a bottom-up process.
Both the photochromic behavior and fluorescent
properties of 1, and the hybrid nanomaterials were
studied.

RESULTS AND DISCUSSION


Synthesis and characterization
of 1/MnPS3 nanoparticles


One pot synthesis of 1/MnPS3 nanoparticles was carried
out according to our previous procedure. 5f Microemul-
sion was achieved by using inverse water containing
micelles dispersed in cyclohexane in the presence of the
Brij-97 surfactant. Two micelle solutions (20 ml organic
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Scheme 1. Photochromism of 1
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phase respectively) were prepared separately, one con-
taining 0.5 ml aqueous solution of MnCl2 � 4H2O
(13.8 mg) and LiCl (5.9 mg), another containing an
aqueous solution of Na4P2S6 (11.9 mg in 0.5 ml H2O).
When the two micelle solutions were mixed under
vigorous stirring, pale colored micelles formed within a
few minutes. Then 0.5 ml methanol solution of 1 (6.6 mg)
was added to the mixture and stirred for two hours in dark.
The emulsion was subsequently broken by adding
methanol. The yielded pale yellow powder was isolated
by centrifugation, and then washed with methanol to
remove the surfactant. The produced nanoparticles can be
quantitively ‘redissolved’ in several organic mediums
such as methanol, ethanol, and chloroform as well as in
water.

Characterizations of 1/MnPS3 nanoparticles


The IR spectrum of 1/MnPS3 nanoparticles reveals four
sets of bands as shown in Fig. 1 (A). A medium band
consisting of three components (612, 595, and 558 cm�1),
is similar to the band that appear in the same wavenumber
region in the reported intercalated crystalline compounds,
although the resolving is lower in the nanosystem.6 This
‘splitted’ band is the signature of intercalated MnPS3


systems and it has been assigned to the v (PS3)
asymmetric stretching band. A series of bands at 1630,
1558, 1511, 1465, 1430, and 1384 cm�1 are attributed to
1. The above data indicate that the powder contains 1
intercalated in MnPS3. The strong broad bands at 1091

Figure 1. (A) IR spectrum of the prepared 1/MnPS3 nanoparticles;
(Scale bar, 100 nm)


Copyright # 2007 John Wiley & Sons, Ltd.

and 1020 cm�1 reveal the presence of an important
amount of ‘phosphate species’ whose formation is due to
the hydrolysis of a fraction of the fragile (P2S6)4� anions.
The broad band at 3400 cm�1 shows the presence of a
large amount of water retained in the powder. Trans-
mission electron microscopy (TEM) image (Fig. 1B) of
the particles dispersed in methanol displays a rather
homogeneous distribution of the prepared 1/MnPS3


sample, with the average diameter of 20 nm. Energy
dispersive X-ray (EDX) analysis of all these samples
yielded the expected Mn, P, and S stoichiometry.

Photochromism of 1


Although the electrochemical and photochemical proper-
ties of pyridine-functionalized diarylethene have been
investigated by Lehn, Tian, Branda and Giraud et al., 11


the fluorescent property of those compounds was rarely
reported. Herein, we investigated both the absorption and
emission change of 1 upon UV light irradiation. The
photochromic behavior of 1 was studied in the solution of
methanol and chloroform, as shown in Fig. 2. The
absorption of the open form in the methanol were at 330
(e¼ 2.5� 104 dm3mol�1cm�1) and 383 nm (e¼ 3.2�
104 dm3mol�1cm�1). Upon UV irradiation, new absorp-
tion maxima appeared at 675 nm ascribed to the closed
isomer with the photocyclic quantum yield of 85%. The
very high photocyclic quantum yield indicated that 1
prefered an anti-parrallel isomer in methanol solution
since only anti-parrallel conformation could undergo

(B) TEMof the 1/MnPS3 nanoparticles dispersed inmethanol.
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Figure 2. Absorption and fluorescent spectral change of 1 (1.0�10�5mol/l) upon irradiation with 365 nm light in methanol
(A: absorption; C: fluorescence) and chloroform solution (B: absorption; D: fluorescence) at room temperature
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photochromic reaction. Comparatively, two absorption
peaks at 341 nm (e¼ 2.4� 104 dm3mol�1cm�1) and
378 nm (e¼ 3.7� 104 dm3mol�1cm�1) were observed
in the open form of 1 in chloroform. The new absorption
maximum was at 710 nm upon irradiation of 365 nm light
with the photocyclic quantum yield of 78% in chloro-
form. Compared with the absorption in methanol, the
absorbance maxima of 1 in the closed state red-shifted
35 nm in chloroform, with a smaller photocyclic quantum
yield. In addition, the photocyclic reaction in chloroform
is much slower and it needs 600 s to reach the
photostationary state, whereas in methanol under the
same condition, it takes only 120 s.


The fluorescence changes of 1 in methanol and
chloroform were quite different (Figs. 2C and 2D). 1
exhibited yellowish green fluorescence centered at
564 nm in methanol, and its fluorescent quantum yield
was measured to be 0.042, using Rhodamine B as
reference. This fluorescence was efficiently quenched
with the structure changing from the open state to the
closed state upon 365 nm irradiation (0.3% remained).
But in chloroform, it showed a weak emission at 555 nm
with a much smaller fluorescent quantum yield (0.003),

Copyright # 2007 John Wiley & Sons, Ltd.

indicating that the solvent affected the fluorescence in the
photochromic process dramatically which has been
illustrated before. 12 Although the emission can also be
quenched by UV light, the efficiency was much lower
with 10% of the fluorescence remained.

Photochromism of 1/MnPS3


The photochromic property of hybrid nanosystem 1/
MnPS3 was studied in suspension. The absorption
spectral changes of the nanoparticles dispersed in
methanol and chloroform were recorded as seen in
Fig. 3. The spectra of open isomer in methanol and
chloroform were similar, with the absorption peaks at 381
and 328 nm in methanol, and 378 and 333 nm in
chloroform. Upon UV irradiation a new absorption
maxima of 1/MnPS3 appeared at 682 nm in methanol,
a small red-shift compared with that of 1 in methanol
solution, with the photocyclic quantum yield of 48%.
While in chloroform, the maxima absorption band of the
closed isomer of 1/MnPS3 appeared at 710 nm with
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Figure 3. Absorption and fluorescent spectral change of 1/MnPS3 (1.4� 10�5mol/l of 1 in methanol) upon irradiation with
365 nm light (A: absorption; C: fluorescence); Absorption and fluorescent spectral change of 1/MnPS3 (1.0� 10�5mol/l of 1 in
chloroform) upon irradiation with 365 nm light (B: absorption; D: fluorescence) at room temperature
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almost no shift compared with that of 1 in chloroform
solution. And its photocyclic quantum yield was
measured to be 51%. The lower photocyclic quantum
yield in hybrid material indicated that layered MnPS3


structure could intercalate both parallel and anti-parallel
conformations.


1/MnPS3 in suspension of methanol had fluorescent
emission at about 564 nm and this emission was quenched
(3% remained) under UV light irradiation, similar with
that happened in the methanol solution of pure 1. The
fluorescent quantum yield of 1/MnPS3 was only 0.005,
much lower than sole compound 1 in dilute solution. In
chloroform, the suspended 1/MnPS3 maintained the
fluorescence at 565 nm with the fluorescent quantum
yield of 0.006, which was almost the same with that in
methanol. Under UV light irradiation, 90% of the
fluorescence of 1/MnPS3 could be quenched. It is clearly
that the hybrid material was able to undergo photo-
chromism under UV light with the fluorescence quenched
by converting the open form to the closed form. Different
with pure 1 whose fluorescence was strongly depended on

Copyright # 2007 John Wiley & Sons, Ltd.

the solvents, the influence of solvent on the fluorescence
of diarylethene in the hybrid system was effectively
reduced.

The Effect of MnPS3 on Photochromic
Process of 1


As pointed out above, both the photochromic process and
fluorescence of 1 depended on the polarity of the solvent
in dilute solution. In methanol, 1 responds to light rapidly,
and reached photo-stationary-state (PSS) in 2 min under
365 nm light (Fig. 4). However, 1 in chloroform responds
to UV light slowly, and it needed almost 10 min to reach
equilibrium. What’s interesting was that 1/MnPS3


reached PSS after 17 min irradiation suspended in both
methanol and chloroform. This indicated that solvents
had little effect on photochromism of the hybrid material
as illustrated above. However, the sensitivity of these
hybrid materials, even in nanosize, was lower than those
molecules in dilute solutions. Similar phenomenon was
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Figure 4. Absorption change (at maximum absorption of
closed isomers) as a function of time under 365 nm light
irradiation
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observed from closed isomer to the open form. It takes 4 h
for 1 to convert from PSS to open isomer in methanol
solution; while it needs 8 h for the same process of 1/
MnPS3. It is surely that MnPS3 layered structure reduced
the sensitivity of diarylethene to light because it
embodied 1 inside to debase the light intensity.


On the other hand, the thermal stability seems better in
hybrid material. When the closed form of cationic
diarylethene in methanol was placed in the dark by 24
hour, the absorption maxima reduced 8.5%, while 8.1%
conversion was observed once the cationic diarylethene
was intercalated into MnPS3.

CONCLUSIONS


We obtained hybrid nanophotochromic materials by
intercalating cationic diarylethene into layered MnPS3


using a microemulsion method. From the investigation of
the photochromism and fluorescent properties of the
hybrid material suspension, we found that the hybrid
nanomaterials exhibited an effective switch, giving
obvious signal outputs both in absorption and fluorescent
properties, similar to the pure diarylethene in solution.
However, the solvent’s effect on the optical properties
which usually happened in the solution, was effectively
obstructed by the inorganic-organic hybrid materials at a
large extent. This may have more practical applications
on nanomemories.

EXPERIMENTAL


Measurements


UV-visible spectra were obtained with a Shimadzu
2550 spectrometer (Japan). Edinburgh 900 spectrometer
was used for fluorescence spectra. Infrared spectra of

Copyright # 2007 John Wiley & Sons, Ltd.

powders were obtained at room temperature on an IR
PRESTIGE-21 spectrometer using KBr pellets. TEM was
recorded by JEOL JEM 2011 (Japan) operated at 200 KV
attached with an energy dispersive X-ray analysis.
Samples were prepared by evaporating a drop of solution
on a carbon (Agar) grid. Irradiations were carried out on
both dispersed colloid sample and thin films using a
CHF-XM550W power system (China). Visible light was
generated by a 500 W Xe lamp with a standard band-pass
filter 550 AF10 (Omega). Irradiations in the UV region
were affected at 365 nm.


The photocyclic quantum yield was measured by the
following method: Y¼ (AO–AT)/AO, here AO means the
absorption value of the open form at the irradiation
wavelength and AT means the absorption of the molecules
at PSS at the irradiation wavelength.


The fluorescent quantum yield means the ratio (amount
of emissive photons /amount of absorbed photons):
QS¼QR(IS AR n2


S)/(IR AS n2
R). 13 Here Q means the


fluorescent quantum yield; I referred to the fluorescent
integrated area; A is the absorption value at the excitation
wavelength; and n is the refractive index of the solvent.
(subscript R is the reference and subscript S is the sample)

SYNTHESIS


1. 1, 2-bis (2-methyl-5-(N-propylpyrid-4-yl)-
thien-3-yl)-cyclopentene (1)


The material of 1,2-bis (2-methyl-5-(pyrid-4-yl)-thien-
3-yl) cyclopentene (BTEPy) was synthesized according
to the previous report and characterized by 1H NMR. 14


0.24 ml (2.5 mmol) CH3CH2CH2I was added to 0.5 g (1.2
mmol) BTEPy in 20 ml dry acetonitrile in dark. The
solution was stirred at 70 8C for 24 h. Then the solvent
was evaporated in vacuum and washed with ether.
Filtration of the mixture afforded a yellow solid of 1 with
90% yield. 1H NMR (400 MHz, CD3OD, 25 8C): d
(p.p.m.) 1.01 (t, J¼ 7.2, 6 H), 2.02 (m, 4H), 2.10 (s, 6 H),
2.19 (m, 2 H), 2.94 (t, J¼ 7.2, 4 H), 4.47 (t, J¼ 7.2, 4 H),
7.97 (s, 2 H), 8.13 (d, J¼ 6.8, 4 H), 8.75 (d, J¼ 7.2, 4 H).
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ABSTRACT: The specific rates of solvolysis of diphenylphosphinyl chloride (1) have been measured at 25.0 8C in 30
solvents. For six representative solvents, studies were made at several temperatures and activation parameters
determined. Thesewere used to calculate a value at 25.0 8C in 100% 2,2,2-trifluoroethanol (TFE) from values at higher
temperatures. The 31 solvents gave a reasonable extended Grunwald–Winstein plot, correlation coefficient (R) of
0.920, which improved to 0.956 when the four TFE–ethanol points were excluded. The sensitivities (l and m) were
similar to those obtained for dimethyl phosphorochloridate and phosphorochloridothionate and for N,N,N0,N0-
tetramethyldiamidophosphorochloridate. As with the three previously studied solvolyses, an SN2 pathway is proposed
for the solvolyses of 1. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: extended Grunwald–Winstein equation; solvolysis; diphenylphosphinyl chloride; kinetics

INTRODUCTION


As a continuation of our kinetic studies of solvolytic
displacements involving loss of chloride ion from
phosphorus, we now report a study with diphenypho-
sphinyl chloride (Ph2POCl, 1) as the substrate. This
compound is a very useful reagent in organophosphorus
chemistry. For example, it is reacted with pentafluor-
ophenol to give pentafluorophenyl diphenylphosphinate,
recommended as a coupling reagent in dipeptide
synthesis.1,2


Previous studies from our laboratory have been of
diaryl (2)3 and dimethyl (3)4 phosphorochloridates,
(RO)2POCl, and the sulfur-for-oxygen substituted
dimethyl phosphorochloridothionate, (MeO)2PSCl, 4.4


A study has also been reported for the solvolyses of
N,N,N0,N0-tetramethyldiamidophosphorochloridate,
(Me2N)2POCl, 5.5 Linear free energy relationship
(LFER) treatments in terms of the extended Grunwald–
Winstein equation [Eqn (1)] led, except for the poorly
correlated solvolyses of 2 with phenyl (2a)


log
k


k0


� �
¼ lNT þ mYCl þ c (1)
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or p-chlorophenyl (2b) as the aryl group,3 to acceptable
correlations, with very similar l and m values. In Eqn (1),
k and k0 are the specific rates of solvolysis of the substrate
in the solvent under consideration and in the standard
solvent (80% ethanol), respectively; l is the sensitivity to
changes in the solvent nucleophilicity value (NT);


6,7m is
the sensitivity to changes in the solvent ionizing power
(YCl);


8,9 and c is a constant (residual) term.
The studies of (ArO)2POCl compounds3 were extended


by Bentley and Ebdon10 to the solvolyses in aqueous
ethanol and aqueous methanol of ethyl phenylphosphono-
chloridate, Ph(EtO)POCl, 6. The variations in rate and the
product selectivities over a range of mixed solvent
composition showed trends similar to those reported
earlier. The fact that the rates were approximately one
order of magnitude faster than those for 2a is considered to
be primarily due to the removal of one of the RO-type
groups. In the present study of the solvolyses of 1, we also
replace the second RO-type group and, assuming that no
change in mechanism results, onewould again anticipate an
increase in the rates of solvolysis. The specific rate of the
ethanolysis of 1 has been determined previously at two
temperatures11 and the values were found to be about
25 times higher than for (PhO)2POCl.


11,12

RESULTS


The specific rates of solvolysis were determined at
25.0 8C in 30 solvents. The solvents consisted of ethanol,
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methanol, binary mixtures of 2,2,2-trifluoroethanol (TFE)
with ethanol, and binary mixtures of water with ethanol,
methanol, acetone, TFE, and 1,1,1,3,3,3- hexafluoro-2-
propanol (HFIP). These values are reported in Table 1,
together with the solvent nucleophilicity (NT)


6,7 and
solvent ionizing power (YCl)


8,9 values. Also shown in

Table 1. Specific rates of solvolysis (k) of diphenylphosphi-
nyl chloride (1)a at 25.0 8C and NT and YCl values of the
solvents


Solventb 102k (s�1)c NT
d YCl


e


100% EtOH 0.702 � 0.010f 0.37 �2.52
0.801 � 0.006g,h


90% EtOH 11.2 � 0.3 0.16 �0.94
80% EtOH 21.6 � 1.6i 0.00 0.00


20.8 � 0.4g


70% EtOH 30.9 � 0.9 �0.20 0.78
60% EtOH 43.8 � 1.5 �0.38 1.38
50% EtOH 62.6 � 2.3j �0.58 2.02
100% MeOH 6.78 � 0.24 0.17 �1.17


6.06 � 0.10g


90% MeOH 28.4 � 0.1 �0.01 �0.18
80% MeOH 51.6 � 1.0 �0.06 0.67


50.2 � 1.2g


70% MeOH 70.0 � 3.2 �0.40 1.46
60% MeOH 102 � 2 �0.54 2.07
95% Acetone 0.833 � 0.009 �0.49 �3.19
90% Acetone 4.15 � 0.08 �0.35 �2.39
80% Acetone 14.8 � 0.2 �0.37 �0.83


15.2 � 0.5g


70% Acetone 29.8 � 0.9 �0.42 0.17
60% Acetone 51.4 � 1.8 �0.52 0.95
50% Acetone 82.7 � 2.3 �0.70 1.73
100% TFE 4.22 � 10�4k �3.93 2.81
97% TFE 0.0233 � 0.0003 �3.30 2.83
90% TFE 0.275 � 0.003 �2.55 2.85
80% TFE 1.50 � 0.04 �2.19 2.90
70% TFE 3.97 � 0.08 �1.98 2.96
50% TFE 16.5 � 0.4 �1.73 3.16
97% HFIP 5.91 (� 0.40) � 10�4 �5.26 5.17
90% HFIP 0.0365 � 0.0009 �3.84 4.31
70% HFIP 1.48 � 0.04 �2.94 3.83
50% HFIP 3.59 � 0.03 �2.49 3.80
80T–20El 0.0689 � 0.0031 �1.76 1.89
60T–40El 0.321 � 0.007 �0.94 0.63
40T–60El 0.706 � 0.021 �0.34 �0.48
20T–80El 0.954 � 0.012 0.08 �1.42


aUnless otherwise indicated, a 10�3M solution of the substrate in the
indicated solvent, also containing 0.1% CH3CN.
bOn a volume–volume basis at 25.0 8C, except for TFE–H2O and
HFIP–H2O mixtures, which are on a weight–weight basis.
cWith associated standard deviations.
d Values from Refs. 6 and 7.
e Values from Refs. 8 and 9.
fWith half and double concentrations of substrate, values obtained of 0.714
� 0.010 and 0.702 � 0.007, respectively.
gWith direct addition of 0.4–0.5mL of substrate to 5mL of solvent.
h A value of 0.73 � 0.07 has been reported at 25.2 8C (Ref. 11).
iWith half and double concentrations of substrate, values of 21.6 � 1.2 and
22.3 � 0.9, respectively.
jWith half and double concentrations of substrate, values of 64.9 � 3.5 and
64.1 � 3.5, respectively.
k By extrapolation, using values from Table 2.
l T–E indicates TFE–EtOH mixtures.


Copyright # 2007 John Wiley & Sons, Ltd.

Table 1 is a value for 100% TFE, extrapolated from
studies of the solvolysis at three higher temperatures,
reported in Table 2. Also reported in Table 2 are specific
rate values at three additional temperatures for five of the
solvents of Table 1 and activation parameters calculated
from data at all four temperatures for solvolyses of 1 in
those five solvents, and from the three temperatures of
Table 2 for solvolyses in 100% TFE.

DISCUSSION


In most solvents, the reactions were rather fast, and use of
an apparatus allowing rapid response to changes in
conductivity10,13 was a convenient way of following the
extent of reaction as a function of time. To promote a
rapid dissolution in the solvent, the substrate was usually
added as a small amount of a concentrated stock solution
in acetonitrile, such that the reaction solution contained
about 0.1% acetonitrile. Halmann12 found for the
ethanolysis of the related diethylphosphinyl chloride that
the specific rate of solvolysis was dependent upon the
concentration of the substrate for the range from
2.5 � 10�3 to 17 � 10�3M. We found no perturbation
of this nature over a fourfold variation at our lower
concentrations (0.5–2 � 10�3M) of 1 in ethanol and in
50% or 80% ethanol (Table 1).


In ethanol, methanol, and 80% ethanol at 0 8C, the
specific rates for solvolyses of 1 are, respectively, 2.0, 3.0,
and 4.4 times greater than for 6 under identical
conditions.10 A comparison can also be made with the
specific rates of solvolysis of dimethylphosphinyl
chloride. Halmann12 reported a value of 60 � 10�4 s�1


at �8.5 8C for the ethanolysis in 100% ethanol. Using the
data from Tables 1 and 2, we can extrapolate using the
Arrhenius equation to a value of 10.1 � 10�4 s�1 for 1 at
this temperature, corresponding to a reduction in rate by a
factor of six on replacing the twomethyl groups by phenyl
groups. Extrapolating values for 1 at two temperatures, a
specific rate at �8.5 8C of 6.8 � 10�4 s�1, and a
corresponding reduction by a factor of nine have been
reported.14 We have determined15 specific rates for
solvolysis of dimethylphosphinyl chloride at 0.0 8C of
18.8 (� 0.9) � 10�3 s�1 in ethanol and 54.1 (� 0.5) �
10�3 s�1 in methanol, corresponding to reductions in rate
on replacing methyl by phenyl (Table 2) of 11 and 3,
respectively. Accordingly, although in ethanol or metha-
nol replacement of methyl groups by phenyl groups
consistently leads to reductions in the rate of solvolysis,
the effect is rather modest. Modest effects of this
magnitude, while not rigidly requiring a concerted
mechanism, are readily rationalized by electronic effects
having opposing influences as regards the bond-making
and bond-breaking processes, coupled with a larger steric
hindrance to approach of a solvent molecule toward the
phosphorus reaction center of 1. The much slower
reaction of di-t-butylphosphinyl chloride with respect to
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Table 2. Specific rates and activation parameters for the solvolysis of diphenylphosphinyl chloride (1)a in pure and aqueous
solvents at various temperatures


Solvent Temperature ( 8C) 103k (s�1)b DHz
298.2 (kcalmol�1)c DSz298.2 (calmol�1 K�1)c


100% EtOH 0.0 1.74 � 0.05d


15.0 4.66 � 0.10
35.0 13.1 � 0.4 8.9 � 0.1 �38.5 � 0.4


80% EtOHe 0.0 44.3 � 0.8
15.0 112 � 1
35.0 328 � 14 9.2 � 0.1 �31.0 � 0.3


100% MeOH 0.0 17.2 � 0.1
15.0 35.4 � 1.6
35.0 104 � 1 8.2 � 0.1 �36.6 � 0.4


100% TFEf 35.0 0.00123 � 0.00003
45.0 0.00299 � 0.00001
55.0 0.00818 � 0.00012 18.2 � 0.1 �22.1 � 0.3


97% TFEg 35.0 0.423 � 0.015
45.0 0.720 � 0.013
55.0 1.18 � 0.07 9.8 � 0.2 �42.4 � 0.7


97% HFIPg 35.0 0.00119 � 0.00001
45.0 0.00235 � 0.00003
55.0 0.00595 � 0.00004 14.0 � 0.2 �35.7 � 0.7


aA 10�3M solution of the substrate in the indicated solvent, also containing 0.1% CH3CN.
bWith associated standard deviation.
c Values at 25.0 8C, from Table 1, are also used in calculation (based on four values, except for those for 100% TFE); the activation parameters are accompanied
by the standard error.
d A value of 1.3 � 0.1 has been reported at �0.2 8C (Ref. 11).
e On a volume–volume basis at 25.0 8C.
f Values used to calculate value at 25.0 8C (Table 1).
g On a weight–weight basis.


igure 1. Plot of log (k/k0) for solvolyses of diphenylpho-
phinyl chloride at 25.0 8C against (1.42NTþ 0.54YCl)


90 D. N. KEVILL AND H. J. KOH

diethylphosphinyl chloride12 is consistent with such a
steric effect and, also, not supportive of a claim16 of SN1
reaction for the di-t-butylphosphinyl chloride.


The solvents used in the correlations include TFE
and five TFE–H2O compositions and four HFIP–
H2O compositions, two important classes of solvents
for studies of the specific rates of solvolysis when
correlation analyses are performed using the extended
Grunwald–Winstein equation [Eqn (1)]. The data points
for solvolyses in TFE–ethanol mixtures fell somewhat
below the best-fit line (this behavior has been discussed
previously5) and the correlations were carried out both
with and without (Fig. 1) the inclusion of these four data
points. The correlation and statistical parameters for these
two correlations are presented in Table 3, together with
values we have previously determined for other solvo-
lyses which involve displacement of chloride ion from
phosphorus(V).


Since the TFE–ethanol points lie toward the middle of
the range of the plotted points, their omission leads
primarily to an increase in the c (intercept) value with
only very minor changes in the l and m values. An
accompanying appreciable increase in the multiple
correlation coefficient (R) and, despite fewer data points,
an increase in the F-test value are also noted (Table 3).


For the 27-point correlation, them value of 0.54� 0.07
is within the range of values, 0.45 � 0.08 to 0.63 � 0.03,

Copyright # 2007 John Wiley & Sons, Ltd.
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Table 3. Coefficients from the extended Grunwald–Winstein correlations of the specific rates of solvolysis of diphenylpho-
sphinyl chloride at 25.0 8C and a comparison with corresponding values for other solvolytic displacements of chloride ion from
phosphorus(V)


Substrate na lb mb cb Rc Fd


Ph2POCl 31 1.44 � 0.13 0.58 � 0.09 0.15 � 0.14 0.920 77
Ph2POCl


e 27 1.42 � 0.10 0.54 � 0.07 0.32 � 0.11 0.956 128
(MeO)2POCl


f 22 1.36 � 0.23 0.54 � 0.13 �0.02 � 0.17 0.844 24
(MeO)2POCl


e,f 18 1.24 � 0.14 0.45 � 0.08 0.18 � 0.11 0.941 54
(MeO)2PSCl


f 31 1.21 � 0.10 0.60 � 0.04 0.22 � 0.07 0.943 112
(MeO)2PSCl


e,f 28 1.16 � 0.08 0.55 � 0.03 0.30 � 0.06 0.966 154
(Me2N)2POCl


g 31 1.20 � 0.07 0.69 � 0.04 0.03 � 0.32 0.958 155
(Me2N)2POCl


e,g 27 1.14 � 0.05 0.63 � 0.03 0.17 � 0.21 0.982 320
(PhO)2POCl


h 38 1.72 � 0.18 0.68 � 0.06 0.42 � 0.15 0.885
(p-ClC6H4O)2POCl


h 31 1.79 � 0.20 0.58 � 0.08 0.11 � 0.18 0.863


aNumber of data points.
b From Eqn (1).
c Correlation coefficient.
dF-test value.
e Data points for TFE–ethanol mixtures excluded.
f From Ref. 4.
g From Ref. 5.
h From Ref. 3.
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observed in the analysis using Eqn (1) for the other three
solvolyses involving chloride-ion displacement from
phosphorus(V).4,5 The data for the solvolyses of the
two diaryl phosphorochloridates (2a and 2b)3 are
included in Table 3 but not in these comparisons since,
for reasons which are not understood, poor correlations
are obtained for these two substrates. For the solvolyses of
1, the l value of 1.42 � 0.10 is a little higher than the
range of 1.14 � 0.05 to 1.24 � 0.14 for the three
substrates studied earlier. However, when the combined
standard errors are considered, it would be unwise to
attempt to assign any appreciable significance to this
variation.


The solvolyses of 1 are best considered in terms of a
concerted SN2 reaction (Scheme 1), possibly with
general-base catalysis by a second solvent molecule.
Such a catalysis has previously been proposed not only
for solvolyses in hydroxylic solvents at phosphorus(V)3,10


but also at the sulfur(VI) of sulfonyl derivatives.17,18 The l
and m values for solvolyses of 1 are consistent not only
with the corresponding values for other solvolyses at
phosphorus(V) which are believed to be SN2 in character
but, also, with values for solvolyses at sulfur(VI) believed
to be SN2 in character. For example, l values of 1.10 �

Scheme 1.


Copyright # 2007 John Wiley & Sons, Ltd.

0.07 to 1.28 � 0.05 and m values of 0.61 � 0.04 to 0.70
� 0.03 have been reported for four solvolyses of
XSO2Cl-type compounds (with X¼ alkyl, aryl, or
dialkylamino).19


For bimolecular solvolytic displacements at acyl
carbon, such as in the solvolyses of chloroformate esters,
l values in the range of 1.6–2.0 have been reported.20 The
present value of 1.42, although slightly larger than most
other values for bimolecular solvolytic displacement at
phosphorus, falls below this range. Although the l value is
consistent with a concerted pathway, in the absence of a
well-defined standard for addition–elimination reactions
at phosphorus, one cannot use the l value to rigidly rule
out such a pathway.


For six typical solvents, activation parameters were
determined (Table 2). In all instances very negative (�22
to �42 calmol�1 K�1) entropies of activation were
calculated, consistent with nucleophilic attack in the
rate-determining step, but not helpful in deciding between
concerted and stepwise processes.

CONCLUSIONS


The solvolyses of 1 proceed rather rapidly at 25.0 8C and
the progress of reaction as a function of time can be
conveniently monitored using a rapid-response conduc-
tivity technique. For six typical solvents, activation
parameters were determined and the large negative
entropies of activation were consistent with a bimolecular
process. Under identical conditions, the specific rates of
solvolysis of 1 were slightly higher than for ethyl
phenylphosphorochloridate (6) and slightly lower than for
dimethylphosphinyl chloride.
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Application of the extended Grunwald–Winstein
equation [Eqn (1)] in 27 solvents led to an l value of
1.42 and an m value of 0.54 (correlation coefficient of
0.956). These values are shown (Table 3) to be similar to
previously determined values for nucleophilic attack by
solvent at phosphorus(V). They are, also, very close to
literature values for the solvolyses of sulfonyl chlorides.
Previously studied solvolytic displacements at phos-
phorus or sulfur have usually been proposed to follow
an SN2 pathway, and such a pathway is also proposed for
the solvolyses of 1 (Scheme 1).

EXPERIMENTAL


The diphenylphosphinyl chloride (diphenylphosphinic
chloride, Aldrich 98%) was used as received. Solvents
were purified as previously described.7 The kinetic
experiments were carried out by allowing the conduc-
tivity cell containing 12.5mL of solvent to equilibrate,
with stirring, in a constant-temperature water bath. A
2mL portion of a concentrated stock solution of 1 in
acetonitrile was then added. The monitoring of increases
in conductivity as a function of time and the calculation of
the specific rates were as previously reported.13 The
multiple regression analyses were performed using
commercially available statistical software packages.
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ABSTRACT: The primary 1H/2H isotope effect for a number of protonated naphthalene proton sponges (DMAN-s)
was measured and correlated with the d(1H) value and IR spectroscopic characteristics of the [NHN]þ hydrogen bonds.
A particular role of the unusual anharmonicity expressed in the isotopic ratio ISR �


ffiffiffi


2
p


is discussed when the
fundamental vibrational levels are close to the barrier top for proton/deuteron motion. Copyright # 2007 John Wiley
& Sons, Ltd.

KEYWORDS: substituted DMAN; proton sponge; 1H and 2H NMR spectroscopy; [NHN]þ bridge; primary 1H/2H isotope


effect

INTRODUCTION


There is a commonly accepted opinion1–19 that when
there is an asymmetric double-minimum potential for
proton motion, the isotope effect in the NMR spectra of
hydrogen-bonded systems can be divided into intrinsic
and equilibrium parts. The intrinsic part is related to the
anharmonicity of the potential, leading to a change in the
hydrogen bond length. Several review articles have been
published1–5,8,13,14 in which the primary isotope effect
was analyzed. They were related mostly to [OHO] bridges.
A number of papers were also published on [OHN]
bridges (e.g. Ref. 2), where a substantial role is played by
equilibrium effects. Particular attention was paid to the
secondary 1H/2H isotope effect reflected in the chemical
shifts of atoms other than the bridge atoms.


At the same time, there are limited data on the isotope
effects related to the [NHN]þ hydrogen bonds in
protonated proton sponges.9–12 This is also characteristic
of other chemically symmetric, very short, double-
minimum hydrogen bonds. Up to now there has been a
lack of systematic data concerning the shortest [NHN]þ


bridges, and the question whether a single minimum can
exist in protonated sponges, particularly in solutions,
remains open. A probably unique example is the case of
protonated 1,6-diazabicyclo[4.4.4]tetradecane with the
shortest [NHN]þ bridge, for which the primary
1H/2H isotope effect is close to zero.20
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Curie 14, 50-383 Wrocław, Poland.
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The aim of the present study was to investigate the
primary 1H/2H isotope effect in a regular set of substituted
naphthalene proton sponges (DMAN-s), with particular
attention to the high d(1H)(NH) chemical shift charac-
teristic of very short [NHN]þ bridges, especially those
affected by the ‘buttressing effect’.21 We decided to
measure Dd(1H/2H) for a number of protonated/deuter-
ated sponges under identical conditions, that is, with the
same counter-anion and in the same solvent. As follows
from the literature data and our own experience, these are
the factors which markedly influence the d value due to
modulation of the proton/deuteron potential. Particularly
strong is the influence on the potential of the polarity and
donor–acceptor properties of the solvent, which should be
high enough because of the solubility demands. We
assumed in our considerations the isotope effect to be
positive when d(1H)> d(2H), though one can find in the
literature a reversed tendency. Finally, acetonitrile was
used as the solvent and ClO�


4 was the counter-anion.
Acetonitrile is not a fully neutral solvent, but one which
guarantees enough solubility and shows limited proton
donor–acceptor activity.

RESULTS AND DISCUSSION


The results of the NMR measurements of the primary
Dd(1H/2H) isotope effect for a set of protonated proton
sponges and related compounds are gathered in Table 1,
while the correlation between Dd(1H/2H) (further labeled
as Dd) and d(1H) (further labeled as d) is presented in
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Table 1. 1H/2H isotope effect Dd¼ d(1H)� d(2H) for a series of protonated proton sponges


System d(1H) d(2H) Dd Substitution ratioa


NMe2Me2N
H


+


NH2
1


ClO4
-


18.59 17.92 0.67 0.53


NMe2Me2N
H+


NMe2
2


ClO4
-


18.79 18.12 0.67 0.92


NMe2Me2N
H+


Br3


ClO4
-


18.83 18.17 0.66 0.55


NMe2Me2N
H+


Cl4


ClO4
-


18.80 18.13 0.67 0.30


NMe2Me2N
H


+


Cl Cl


5


ClO4
-


20.13 19.83 0.30 0.79


NMe2Me2N
H+


Br Br


6


ClO4
-


20.27 20.04 0.23 0.63


NMe2Me2N
H+


Me2N NMe2


7


ClO4
-


19.97 19.63 0.34 0.06


(Continues)


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 643–648


DOI: 10.1002/poc


644 P. CHMIELEWSKI ET AL.







Table 1. (Continued)


System d(1H) d(2H) Dd Substitution ratioa


NMe2Me2N
H+


MeO OMe


8


ClO4
-


19.54 19.23 0.31 0.04


NMe2Me2N
H+


Br


9


ClO4
-


18.82 18.32 0.50 0.25


NEt2Et2N
H+


10


ClO4
-


17.40 16.68 0.72 0.77


NMe2Me2N
H+


11


ClO4
-


18.65 17.96 0.69 0.67


NN
H+


12


ClO4
- 17.28 16.60 0.68 0.15


NMe2


NMe2


.HClO 4


13


10.15 10.01 0.14 0.56


NMe2Me2N
H


+


O
14


ClO4
-


18.52 17.83 0.69 0.18


NMe2Me2N
H


Me3Si SiMe3


15


ClO4
-


+


20.63 20.49 0.14 0.80


a Based on the relative integral intensity of the 1H NMR signal of the exchangeable proton referenced to that of the aromatic protons.
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Figure 1. Correlation between Dd and d(1H) values for
protonated DMAN-s against a background of similar
relationship for [OHO] hydrogen-bonded systems reported
by Gunnarsson et al.6 The literature data9 are included as
cross-marks


Table 2. Properties of protonated 2,7-R2-DMAN-s


Salt R r(N���N), Å
n(NHN),


cm�1 ISR
d,


ppm
Dd,
ppm


11 H 2.595a 490a 1.7–2.0a 18.65 0.69
8 OMe 2.567b 488b 2.08b 19.54 0.31
5 Cl 2.561c 530c 1.80c 20.10 0.30
6 Br 2.547d 560d 1.65d 20.27 0.23


15 SiMe3 2.530e 610e 1.6e 20.63 0.14


a Average values for various salts of DMAN, strongly dependent on the
counter-anion.
b See Ref. 24.
c See Ref. 25.
d See Ref. 26.
e See Ref. 27.
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Fig. 1. Some literature data9 are included as well. The
majority of points are in the region of Dd� 0.6–0.7 and
d� 17.3–18.8 ppm, thus close to the parameters for the
non-substituted DMAN�Hþ cation with d¼ 18.65 and
Dd¼ 0.66 ppm. Among the systems analyzed in this paper
are a few salts with asymmetrically substituted DMAN
(see: 1–4 and 9). As can be seen, the asymmetry does not
significantly affect either the d or Dd values. This is most
probably due to a similar electron density distribution on
both nitrogen atoms and, simultaneously, similar popu-
lation of the two potential energy minima. Nevertheless,
taking into account all the experimental points around the
unsubstituted DMAN�Hþ cation, the asymmetric bridges
are characterized by only slightly higher Dd values, on the
order of ca. 0.1 ppm. A marked drop in the Dd value is
characteristic for 2,7-disubstituted DMAN-s and, as can
be seen, is related to the ‘buttressing effect’, that is, to the
steric hindrance leading to the shortening of the NHN
bridge.21


We were not able to determine precisely the highest
value of Dd for the protonated DMAN derivatives. It can
be estimated as equal to ca. 0.7 ppm, that is, close to that
of other systems reported so far.2,3,6


The collected experimental data were compared with
the correlation between both parameters for chemically
symmetric [OHO] bridges published by Gunnarsson
et al.6 Unfortunately, we did not have data at our disposal
(except 13) for [NHN]þ hydrogen bonds markedly longer
than in DMAN salts; therefore we were able to analyze
only the branch of the curve for high values of d. In the
case of compound 13, a typical isotope effect of
medium–strong hydrogen bonds is observed. In our
opinion, any correlation searched can be applied to
exactly the same type of NHN bridges.


Comparison of our results with the correlation curve
for [OHO] bridges shows that the [NHN]þ curve

Copyright # 2007 John Wiley & Sons, Ltd.

maximum is shifted towards higher values of d and the
isotope effect is somewhat higher. In our considerations
we do not compare the obtained results with the
correlations presented by Hansen and coworkers3 and
Rozwadowski and Dziembowska,2 in which various
systems are taken into account containing those with the
equilibrium effect, that is, corresponding to chemically
different bridge atoms described by an asymmetric
double-minimum potential for the proton/deuteron
motion. As it is known,3 the equilibrium isotope effect
can substantially influence the overall effect. The
correlation curve reported by Vener19 for homoconju-
gated [OHO] hydrogen-bonded systems is similar to that
of Gunnarsson et al.6


The difference between [OHO] and [NHN] hydrogen
bonds in protonated DMAN-s, well reflected in Fig. 1,
may result from two effects. The first, discussed by
Scheiner,22 is due to different covalent radii and a slightly
different charge distribution. The second can be ascribed
to the diamagnetic field of the naphthalene p-electron
system. Comparison of the d values for DMAN-s,
1,6-diazabicyclo[4.4.4]tetradecane without p-electrons,20


and 1,14-diaza[5]helicene,23 where the [NHN]þ hydro-
gen bond is strongly affected by the p-electron current
and d1H reaches extremely high value of 23.89 ppm, is
remarkable.


The intrinsic NMR primary 1H/2H isotope effects, as
commonly accepted, are connected with the potential
energy surface for the proton/deuteron motion, so they
can be correlated with the spectroscopic isotope effect
and, more generally, with the anharmonicity of the
potential. For the medium–strong hydrogen bonds, the
peak of the square of the wave function for D is located
closer to the proton donor than H is, so that the bridge with
H is stronger than that with D and, consequently, H is
more deshielded than D. Therefore, it seemed interesting
to compare the primary isotope effect with spectroscopic
features of [NHN] bridges, for which one observes a fast
decrease in the Dd value with an increase in d. This has
been done in Table 2, which contains data connected with
the H-bond length, r(N���N), the nas(NHN) frequency, and
the IR isotopic ratio ISR¼ n(NHN)/n(NDN).
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There are no doubts that the Dd value correlates with
the n(NHN) absorption band in the far infrared and with
the ISR value. As follows from the analysis performed in
Ref. 28, one can expect that on shortening the bridge in
the analyzed region, the n(NHN) frequency increases and
exceeds ca. 1000 cm�1 after reaching sufficiently short
bridges, when the barrier disappears, and ISR is then close
to unity. Such a case was found in 1,6-diazabicyclo
[4.4.4]tetradecane. Simultaneously, the Dd value
reaches ca. zero. A precise quantitative analysis of the
correlations between the various parameters is not
possible because in many cases they were determined
under various experimental conditions. In the solid state,
the counter-anion plays a peculiar role, but even in
solutions its role as well as that of the solvent activity is
important.


Theoretical studies24,26 using the ab initio MP2
approach for two DMAN�Hþ derivatives, namely with
2,7-Br2 and 2,7-(OMe)2 substituents, confirmed our
conclusions. In these cases it was discovered that both
the protonic and deuteronic vibrational levels are close to
the potential barrier, and this explains the positive
anharmonicity expressed by n(NHN)/n(NDN) being
much higher than


ffiffiffi


2
p


. In the case of the usual strong
hydrogen bonds, we are dealing with an isotopic ratio ISR
of <


ffiffiffi


2
p


. A strong positive anharmonicity means that the
amplitudes of the proton and deuteron motions differ
much less than in the case of normal anharmonicity.
Moreover, the excited vibrational state for the deuteron is
much more easily accessible than for the proton.


One should stress here the result obtained for
compound 15, which is characterized by the shortest
NHN bridge and lowest Dd value. In spite of expectations,
even in this case the ab initio MP2 calculations27 show a
double-minimum potential for the proton motion that is
consistent with the IR spectroscopic behavior.


Further theoretical calculations for a number of
systems are needed on a sufficiently high level for at
least a two-dimensional potential surface, but such
calculations are, so far, too demanding for CPUs and
memory.

CONCLUSIONS


As expected, the results obtained correlate quite well with
crystallographic data, IR spectra, and theoretical simu-
lations of the shape of the potential for proton motion.
From the presented curve one can see that on increasing
the strain exerted by substituents in positions 2,7
(buttressing effect), the Dd(1H/2H) value approaches
zero. However, even for trimethylsilyl substituents, where
the shortest bridges were evidenced, the Dd value is
positive (0.14). In this case, the calculated barrier equals
0.69 kJ/mol, so it does not disappear in solution.27 The
shape of the correlation curve Dd(1H/2H) versus d(1H) is
similar to that for [OHO] hydrogen-bonded systems, but

Copyright # 2007 John Wiley & Sons, Ltd.

the maximum on the correlation curve corresponds to
higher values of d1H, which arises most probably from
different covalent radii of O and N atoms and somewhat
different electron density distributions. An essential role
is also played by the p-electron system of the naphthalene
ring, as can be deduced from comparisons with systems
which do not contain p-electrons.

EXPERIMENTAL


The perchlorates used in this study were prepared and had
the same properties as those described in the literature: 1,
2,29 3–6, 9, 11,30 7, 8,31 10, 13,32 14,33 15,27 12: colorless
crystals with mp 268–270 8C after treatment of the
corresponding base with one equiv. of aqueous HClO4


in CH3CN solution.32


For the preparation of all but one partially deuterated
NMR sample the compounds were dissolved in CH3CN/
CH3OD mixture (70/30 v/v), the solvents were evapor-
ated in vacuo, and pure dry CH3CN was added. In the case
of 8, partial substitution (4%) required 2 days of heating
(40 8C) the compound solution in CD3OD. 2H and
1H NMR measurements were performed using a Bruker
Avance 500 MHz spectrometer. The sample concen-
trations were about 0.1 M. The chemical shifts were
referenced with CH3CN and CDH2CN signals, respect-
ively (1.94 ppm).
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ABSTRACT: Poly(methyl methacrylate) (PMMA) films containing photochromic spiropyran (SP) derivatives with an
alkyl chain produced surface relief structures upon photoirradiation. The material moved from the dark to the
irradiated part by the light longer than 350 nm from a high-pressure mercury lamp. This is the first example that the
surface relief structures are formed on a polymer film containing a photochromic compound that is not an
azobenzene-related compound. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


A large dynamic motion amplified by photoisomerization
has been receiving a great deal of attention in view of
academic interests and potential technological appli-
cations.1 In particular, optical microstructure patterning
induced by the material migration over micrometer
distances has received much attention since the pioneer-
ing two reports in 1995.2,3 These structures, often called
photoinduced surface relief gratings (SRGs),4 are formed
on various azobenzene-containing films composed of
amorphous polymers,2–4 liquid crystalline polymers,5,6


sol–gel matrices,7 and amorphous molecular materials.8


Recently it has been reported that SRGs are formed even
on a crystal.9


There are several publications devoted to easy
fabrication of SRGs using the materials that are not
containing azobenzene units.10–17 Majority of them were
composed of photocrosslinkable polymers10,11 or photo-
polymerizable monomers,12–14 in which the formation
mechanism of SRGs is considered to be molecular
diffusion from unilluminated parts to illuminated ones.
Naturally, reversible SRG formation cannot be anticip-
ated in this case. A few research groups have recently
reported on fabrication of SRGs using the materials which
have possibility of reversible SRG formation.15–17


However, there are as yet no reports on examples of
the reversible SRG formation, which is one of the most
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advantageous properties of SRG, except for the azoben-
zene-containing materials. When the reversible SRG
formation on the films containing a photochromic
compound other than azobenzene becomes possible, a
number of ways of application will be expected, in
addition to obtaining the important knowledge as to the
SRGs formation mechanisms. Therefore, we have started
the research to find the novel agents that can induce
SRGs.


In the beginning, we employed spiropyran (SP)
derivatives because they represent thermally reversible
photochromic compounds like azobenzenes.18–21 SP
derivatives show a large structural change upon photo-
irradiation; an approximately 908 rotation of one half of
the molecule occurs during the ring-opening and closing
reactions between the spiro and the merocyanine forms
(Fig. 1). Among the SP derivatives known to date, we
chose 1, which shows the negative photochromism; the
ring-opened colored merocyanine form (MC form) is
more stable than the ring-closed spiro-form (SP form).
Therefore, 1 has a strong and broad absorption band in the
visible region and exhibits bright red–purple color both in
solution and polymer films. Recently, we have reported
that Langmuir–Blodgett films of 1 changed its topography
upon photoirradiation, indicating that the change in the
molecular structure induced the macroscopic shape.22


This means that 1 has the advantageous nature that the
change in the molecular structure can be transferred to the
bulk environmental shape with amplification to a certain
extent. We here report the formation of the photoinduced
surface relief structures using 1 and other SP derivatives
(Fig. 1).
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Figure 1. Interconversion of merocyanine (MC) and spiro-
pyran (SP) isomers of 1–4
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RESULTS AND DISCUSSION


Photochromism of 1


SP 1 exhibited negative photochromism either in solution
or in polymer films upon irradiation with 505-nm
light. Figure 2 shows the change in absorption spectra
of decoloration of 1 in a poly(methyl methacrylate)
(PMMA) film during 505-nm light irradiation. The
absorbance at the absorption maximum (544 nm)
decreased to 1% of the original at the photostationary
state, where the back-and-forth rates of isomerization are
the same. The backward ring-opening coloration reaction
took place thermally.

Figure 3. Atomic force microscopy image of a 1-doped
PMMA film (60 wt% of 1) after exposure to high-pressure
mercury lamp (>350 nm) with 100 mW cm�2 for 2 h through
a photomask. The photomask was composed of stripes
with the same widths (6.25mm) of the transparent and
opaque lines (a), and of one slit line with 6.25-mm width
(b). This figure is available online at www.interscience.wiley.
com/journal/poc

Surface relief formed on 1-doped film


Figure 3 shows the surface relief structure produced by
the patterned light irradiation through a photomask.
When the light was shaded completely, only a flat surface
was observed as shown on the left-hand side of
Fig. 3a. On the other hand, when the film was irradiated
with patterned light, regular surface modulation was
produced, and its spatial period was coincident with that
of the photomask as shown on the right-hand side of
Fig. 3a. When we examined the cross-sectional topo-
graphy, we found that the top of the convex is higher than
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Figure 2. Changes in the UV–vis absorption spectra of a
1-doped PMMA film upon irradiation with 505-nm light.
Irradiation periods are 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 15, 17, 20, 25, 30, and 60 min
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the initial surface level and base of depression is lower
than the initial level. This result clearly shows that the
lateral material motion occurred at the film surface.


In order to investigate the direction of material
migration, an irradiation experiment through a photomask
possessing one slit line with 6.25-mm width was
performed (Fig. 3b). In the case of a 1-doped PMMA
film, irradiation produced a significant topographic
maximum, indicating that polymer migration occurred
from the shaded areas to the exposed areas. The direction
of migration was the same for all of our experiments,
irrespective of the materials used (see below).


To induce surface relief structures, we have to irradiate
with a light of proper wavelength. Long wavelength light,
such as g-line (436 nm) that only MC form absorbs, did
not induce the surface relief structures on the film. Shorter
wavelength lights with higher photon energy such as
i-line (366 nm) and h-line (405 nm) were adequate to
induce SRGs. This criterion coincides with the absorption
band of SP form as shown in Fig. 2. It means that the
back-and-forth photoisomerization between MC and SP
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forms is inevitable to form SRGs. In azo-polymers, it is
believed that the trans–cis–trans isomerization cycles to
induce the decrease in the viscosity of the film23 have
played an important role in the formation of SRGs.
Therefore, as for the case of 1, increase in the
photoinduced flexibility of the film caused by the large
motion of the 1 molecules during the iterative photo-
isomerization must be one of the requirements to induce
the material transfer.


It was reported that while the low-molecular-mass
azobenzene-dye-doped systems exhibited rather small
ability to form SRG (a few ten nm), the covalently bonded
azobenzene polymer systems usually showed several
hundred nanometer height differences.24,25 On the other
hand, we observed SRGs with large surface modulation in
SP dye-doped polymer systems. This difference was
probably due to the high solubility of 1 to the polymer
matrix, showing no dye–polymer segregation even at a
relatively high concentration. Differential scanning
calorimetry revealed that the mixture of 1 and PMMA
(60/40wt%) gave obscure glass transition temperature
(Tg) at 38 8C, which was 66 8C lower than that of the pure
PMMA. Although the irradiation through the photomask
was carried out under room temperature, the temperature
at the irradiated part became 50–60 8C. It should be
concerned with the smooth material migration observed
in the 1-doped PMMA film that the photoirradiation was
carried out at higher temperature than Tg.


In order to know the limit of concentration of 1 in
PMMA film, SRG formation experiments were done at
different concentrations. Figure 4 displays the surface
modulation depth of the PMMA films doped with 1 after
UV light treatment for 2 h at various dye concentrations.
Height differences of surface relief increased with the
increase in the concentration of 1 when it was more than
50wt%. However, when it came to exceed 75wt%, the
SRG formed on the film was not so distinct. It should be
due to the formation of aggregation of 1. In other words,
the ability for SRG formation was excellent when the
concentration of 1 was as high as possible so far as a
uniform film was maintained. This result is similar to the
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Figure 4. Effect of dye concentration on surface modu-
lation depth of the samples after irradiation through
a photomask. This figure is available online at www.
interscience.wiley. com/journal/poc
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azobenzene-functionalized polymer systems.26 This
result may have relations with the decline of viscosity
caused by the increase in the frequency of the cycle of
photoisomerization per unit volume and time. This
hypothesis was supported by the result that the formation
speed of SRG was increased by the increase in the light
power for inscription. In a practical sense, data in Fig. 4
further indicate that the SRG formation efficiency is
readily tunable simply by changing the ratio of
compounds, which would eliminate the tedious task of
the chemical modifications of polymer structures.

Surface relief formation of SP derivatives


Grating formation experiments on the PMMA films
doped with mononitro 2–4were also investigated as listed
in Table 1. The ratios of the SP derivatives were set to
60wt% for all the mixture films. Regularly spaced SRGs
were obtained on the films of 2–4 as well, similar to the
case of 1. However, the modulation depth was shallower
than that of 1 under the same conditions.


SP 1, possessing two electron-withdrawing nitro
groups on the chromophore to stabilize the colored
zwitterionic open-ring form, shows negative photochro-
mism. On the contrary, 2 shows the positive photo-
chromism because the colored form is less stable than the
colorless form. These differences may have affected the
photoreactivity and the ability of SRG formation. More
importantly, long alkyl chain on the nitrogen atom plays
the decisive role to improve the ability of SRG formation,
by comparing the modulation depth obtained from
electronically equivalent 2–4. This result indicates, by
taking the results of the SRG formation in the azobenzene
dye systems into account, that the large structural change
during the photoisomerization is the essential factor.
Entwining of the polymer chain with the long alkyl chain
of SP dyes may be important because of the host–guest
system in our case.


Unfortunately, reversibility was not recognized in the
SRGs formed in the films composed of SPs. It should be
ascribed to low durability of the SPs against the UV light.
Reversible SRG formation is anticipated using the other
photochromic compounds with high durability against
UV light, and will be the subject of our future
investigation.

Table 1. Modulation depth and shape of surface relief in
SP-doped PMMA films


Spiropyran
Type of


photochromism
Approximate
height (nm) Shape


1 Negative 200 Convex
2 Positive 80 Convex
3 Positive 30 Convex
4 Positive 10 Complexa


a Basically, convex shape was observed, though the head was sunk.
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In conclusion, permanent SRGs with a few hundred
nanometer depths are recorded on the surface of a PMMA
film doped with SP derivatives. As far as we know, this is
the first SRG formation using a photochromic compound
other than the azobenzene derivatives.

EXPERIMENTAL


Materials


A series of SPs was synthesized by the condensation of a
nitrosalicylaldehyde with an N-alkylindolenium bromide,
as described in the previous report.22 Matrix polymer,
PMMA, (C5H8O2)n (n¼ 1000–1500), was purchased
from Wako Pure Chemical Industries, Ltd. Chloroform
for film preparation was of spectroscopic grade (Junsei
Chemical).

Film preparation


The spin-coated films were prepared from the chloroform
solutions of each SP derivative and PMMA on a cleaned
glass substrate. The thickness of films was measured
using a DEKTAK3 (Sloan Co.). The thickness ranged
from 0.2 to 0.6mm depending on the concentration of SP
derivatives. Typically, the film was composed of 60% of
SP and 40% of PMMA in weight, with 0.3-mm thickness.

Photoirradiation


Patterned light irradiation to form surface relief structures
was performed through a custom-made photomask
(Toppan Printing Co.) attached to the film.27 The light
was collimated to obtain a homogeneous light intensity
(100mWcm�2) over the entire area to be exposed. The
wavelength of the light for irradiation longer than 350 nm
was taken out from a high-pressure mercury lamp
(USHIO electric, SX-UI 500HQ) by a long pass filter
UV35 and a 5 cmwater filter. The emission line of 505 nm
for photochromism was separated by filters (a 5 cm water
filter, a Y-47 glass filter, a KL-50 interference filter, and an
IRA-25S glass filter).

Physical measurements


UV–vis spectra were recorded on a JASCOV-550 UV–vis
spectrometer or a Shimadzu Multispec-1500 UV–vis
spectrometer. The surface relief structures were observed
through a differential interference microscope (Olympus,
BX50) and an AFM using an SII SPA300 module with an
SPI3800N probe station in the cyclic contact mode.
Thermal properties were studied by differential scanning

Copyright # 2007 John Wiley & Sons, Ltd.

calorimetry (SII, DSC6100) with a scanning rate of
10 8Cmin�1.
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ABSTRACT: The characteristic molecular volume parameter suggested by Palatinus et al. [J. Phys. Org. Chem., DOI:
10.1002/poc.1065] is used in predicting the enthalpies of vaporization of 41 branched acyclic alkanes. Calculations
provide one additional example illustrating where the use of the Palatinus et al. characteristic molecular volume
parameter over the Abraham-McGowan molecular volume parameter led to a better mathematical description/
description of thermodynamic and/or physical property data for branched acyclic alkanes. Copyright # 2007 John
Wiley & Sons, Ltd.


KEYWORDS: enthalpies of vaporization; acyclic alkanes; characteristic molecular volume


In a recent paper appearing in this journal, Palantinus
et al.1 suggested calculating the characteristic volume
parameter of branched acyclic alkanes from


VYðfor banched acyclic alkanesÞ


¼ 0:0498
Tbp þ 270


230:14


� �3


þ0:0015
ð1Þ


the molecule’s normal boiling point temperature, Tbp.
The mathematical correlation between VY and Tbp was
established based on the Abraham-McGowan volumes,
VX, and boiling point temperatures of n-alkanes from
propane to hexadecane (for n-alkanes VY¼VX), and then
used to calculate VY values for 168 branched alkanes
having from 4 to 12 carbon atoms. The authors presented
an impressive set of correlations involving gas chromato-
graphic and reversed-phase HPLC retention indices, and
Ostwald coefficients in both hexadecane and methanol,
documenting the superiority of VY over the Abraham-
McGowan molecular volumes. The Abraham-McGowan2


molecular volumes are calculated from atomic sizes and
chemical bond numbers; hence, all isomers of a given


CnH2nþ 2 alkane must have an identical Abraham-McGo-
wan molecular volume.


We wish to point out that the authors’ method of
computing the characteristic molecular volume para-
meter of branched acyclic alkanes also leads to much
better predictions of standard molar enthalpies of vapor-
ization of 298.15 K, �vapH298 K� . In Table 1, we have
compiled values of 16 n-alkanes (pentane through eico-
sane), along with the molecule’s Abraham-McGowan
molecular volume, Vx. Linear least-squares analysis of
the 16 ordered data pairs gave


�vapH
�
298 K ¼ 35:371VY � 2:175 ð2Þ


N ¼ 16; R2 ¼ 1:00; and SD ¼ 0:218


The experimental values in the regression analysis were
the ‘recommended values’ in an IUPAC critical review
and data compilation3 of enthalpies of vaporization of
organic compounds.


The obtained correlation is then used to estimate
�vapH


�
298 K values of 41 branched acyclic alkanes. The


characteristic molecular volumes used in the computa-
tions were based on Eqn (1) and experimental boiling
point temperatures, Tbp. The results of our calculations
are given in Table 2, along with the numerical values that
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would be calculated using the Abraham-McGowan char-
acteristic volume, VX. The average absolute deviation
between the 41 observed and calculated values based on
VY is 0.598 kJ/mole, which is significantly less than the
average absolute deviation between observed and calcu-
lated values of 3.541 kJ/mole based on VX. These calcu-
lations provide one additional example illustrating where
the use of the VY characteristic molecular volume para-
meter led to a better mathematical description/description
of thermodynamic and/or physical property data for
branched acyclic alkanes. The computations are impor-
tant in that experimental enthalpy of vaporization data is
fairly sparse for branched acyclic alkanes. Equation (2)
should be able to provide reasonably accurate predictions
of �vapH


�
298 K in the absence of a measured value.


We note that combination of Eqns (1) and (2) yields a
direct mathematical relationship


�vapH
�
298 K ¼ 1:7614


Tbp þ 270


230:14


� �3


�2:1219 ð3Þ


between �vapH
�
298 K and Tbp for branched acyclic alkanes.


Relationships between Tbp and physical (and thermody-
namic) properties can be found in the literature. For
example, Mackay et al.6 developed a mathematical ex-
pression involving vapor pressure and Tbp based on
Trouton’s rule. White7 observed a linear relationship,
the experimental gas chromatographic retention index
and Tbp for 48 planar polycyclic aromatic hydrocarbons.
Screttas and Micha-Screttas reported that the �vapH


�
298 K


of hydrocarbons in general cluster around the straight line
given by


�vapH
�
298 K ¼ 0:151 Tbp � 19:735 ð4Þ


N ¼ 58; R ¼ 0:989


Equation (4) forms the basis of one additional predictive
method based on normal boiling point temperature.
Equation (4) predicts the �vapH


�
298 K values of the 41


branched acyclic alkanes listed in Table 2 to within an
average absolute deviation of 1.107 kJ/mole, which is
larger than the correlation that we have developed based


Table 1. Standard molar enthalpies of vaporization data and
Abraham-McGowan characteristic molecular volume para-
meters for n-alkanes


�vapH
�
298 K


n-Alkane VX (kJ/mole)


Pentane 0.8131 26.75
Hexane 0.9540 31.73
Heptane 1.0949 36.66
Octane 1.2358 41.53
Nonane 1.3767 46.43
Decane 1.5176 51.39
Undecane 1.6590 56.43
Dodecane 1.7994 61.51
Tridecane 1.9400 66.43
Tetradecane 2.0812 71.30
Pentadecane 2.2221 76.11
Hexadecane 2.3630 81.38
Heptadecane 2.5039 86.02
Octadecane 2.6448 91.4a


Nonadecane 2.7857 96.4a


Eicosane 2.9226 101.8a


aEnthalpy of vaporization data is from Chickos and Hanshaw4.


Table 2. Standard molar enthalpies of vaporization data and
Abraham-McGowan characteristic molecular volume para-
meters for branched acyclic alkanes


�vapH
�
298 K (kJ/mole)


n-Alkane VY
a Exp. Calc-VY Calc-VX


Isopentane 0.7621 25.22 24.781 26.585
Neopentane 0.6913 22.39 22.277 26.585
3-Methylpentane 0.9142 30.47 30.161 31.569
2,2-Dimethylbutane 0.8530 27.93 27.997 31.569
2,3-Dimethylbutane 0.8888 29.33 29.263 31.569
2-Methylhexane 1.0387 34.98 34.565 36.553
3-Methylhexane 1.0476 35.16 34.880 36.553
3-Ethylpentane 1.0555 35.32 35.161 36.553
2,2-Dimethylpentane 0.9866 32.56 32.722 36.553
2,3-Dimethylpentane 1.0373 34.36 34.515 36.553
2,4-Dimethylpentane 0.9927 33.02 32.938 36.553
3,3-Dimethylpentane 1.0192 33.15 33.875 36.553
2,2,3-Trimethylbutane 0.9942 32.19 32.991 36.553
2-Methylheptane 1.1804 39.72 39.577 41.537
3-Methylheptane 1.1873 39.88 39.821 41.537
4-Methylheptane 1.1809 39.75 39.595 41.537
3-Ethylhexane 1.1852 39.69 39.747 41.537
2,2-Dimethylhexane 1.1339 37.36 37.932 41.537
2,3-Dimethylhexane 1.1697 38.83 39.199 41.537
2,4-Dimethylhexane 1.1370 37.83 38.042 41.537
2,5-Dimethylhexane 1.1355 37.92 37.989 41.537
3,3-Dimethylhexane 1.1501 37.60 38.505 41.537
3,4-Dimethylhexane 1.1809 39.03 39.595 41.537
3-Ethyl-2-methylpentane 1.1697 38.56 39.199 41.537
3-Ethyl-3-methylpentane 1.1836 38.05 39.690 41.537
2,2,3-Trimethylpentane 1.1391 36.98 38.116 41.537
2,2,4-Trimethylpentane 1.0846 35.24 36.188 41.537
2,3,3-Trimethylpentane 1.1649 37.33 39.029 41.537
2,3,4-Trimethylpentane 1.1580 37.82 38.785 41.537
2,2,5-Trimethylhexane 1.2149 40.21 40.801 46.520
2,3,5-Trimethylhexane 1.2552 41.45 42.223 46.520
2,2,4,4- 1.2057 38.55 40.472 46.520
Tetramethylpentane
3,3-Diethylpentane 1.3401 42.05 45.226 46.520
2-Methylnonane 1.4650 49.64 49.644 51.504
3-Methylnonane 1.4700 49.72 49.820 51.504
5-Methylnonane 1.4533 49.35 49.230 51.504
2,4-Dimethyloctane 1.3975 47.14 47.256 51.504
2-Methyldecane 1.6066 54.29 54.652 56.506
4-Methyldecane 1.5915 53.77 54.118 56.506
2,4,7-Trimethyloctane 1.4712 49.93 49.863 56.506
2,2,4,6,6- 1.5328 49.00b 52.042 61.472
Pentamethylheptane


aNumerical values are calculated using the boiling point temperatures given
in IUPAC compilation3.
bNumerical value was taken from Chickos and Acree5.
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ABSTRACT: The influence of lithium, sodium, potassium, rubidium, and cesium on the electronic system of the
4-nitrobenzoic acid molecule was studied. The vibrational (FT-IR, FT-Raman) and NMR (1H and 13C) spectra for
4-nitrobenzoic acid salts of alkali metals were recorded. The assignment of vibrational spectra was done. Charac-
teristic shifts of band wavenumbers and change in band intensities along the metal series were observed. Good
correlation between the wavenumbers of the vibrational bands in the IR and Raman spectra for 4-nitrobenzoates and
ionic potential, electronegativity, atomic mass, and affinity of metals were found. The chemical shifts of protons and
carbons (1H, 13C NMR) in the series of studied alkali metal 4-nitrobenzoates were observed too.


Optimized geometrical structures of studied compounds were calculated by HF, B3PW91, B3LYP methods using
6-311þþG�� basis set. The theoretical IR, Raman, and NMR spectra were obtained. The theoretical vibrational
spectra were interpreted by means of potential energy distributions (PEDs) using VEDA 3 program. The calculated
parameters were compared to experimental characteristic of studied compounds. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: 4-nitrobenzoates; FT-IR; FT-Raman; NMR; geometrical structure

INTRODUCTION


The aims of our works are to investigate: (i) specific effect
of various metals on the electronic system of biologically
important ligands, (ii) the effect of various substituents on
the electronic system of carboxylic acids, their salts and
complexes, (iii) the correlation between electronic charge
distribution and microbial activity of studied molecules,
(iv) search for new antimicrobial active substances, which
may be applied in medicine, preserving technology and
environment protection as preservatives or new con-
servants and disinfectants.


Benzoic, salicylic, nicotinic acids, and their derivatives
are regarded as model systems representing a wide group
of aromatic ligands, which are incorporated into enzymes
and other biologically important molecules. The influ-
ence of metals on the electronic system was examined
through comparison of the changes in so called ‘logical
series.’ The exemplary series are following: Li!
Na!K!Rb!Cs; Mg!Ca!Sr!Ba and Zn!
Cd!Hg(II) (where ionic radii increase in group) or
Na(I)!Ca(II)!La(III)!Th(IV) (ionic radii of these
cations do not differ significantly, while their charges
increase along series). Our previous works1,2 have shown
that there is a correlation between the perturbation of the
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electronic system of the investigated ligands and the
position of metals in the periodic table. Heavy metals,
such as Ag(I), Hg(I), Hg(II), Pb(II), Cd(II) and alkali
elements destabilize the electronic system of benzoic,
salicylic, and nicotinic acids, while transition metals (3d
and 4f), Al and Mg stabilize it. In the case of 3- and
4-aminobenzoic acids, the increase of aromaticity was
observed under the influence of alkali metals.3,4 The
influence of substituents in different position in the
aromatic ring on the electronic system of ligands was also
examined. The substituents in an extremely different
manner influence the electronic system of ligand namely:
strongly activate (NH2, OH, OCH3), weakly deactivate
(Cl, Br, I), and strongly deactivate the aromatic ring on an
electrophilic substitution (NO2). The influence of amino
and hydroxyl groups, and various halogens on the
electronic system of benzoic acid were analyzed ear-
lier.5–8 The effect of nitro group substituted at 2-, 3-, and
4-position in the ring has been studied recently.9 For that
purpose, experimental and theoretical FT-IR, Raman,
NMR spectra, and calculated geometrical structure of the
nitrobenzoic acids have been studied. Our team has also
examined picolinic, nicotinic, and isonicotinic acids
vibrational spectra and the influence of nitrogen atom
position in the aromatic ring on aromaticity of
molecules.10,11


The aim of this paper was to determine the
geometry and theoretical molecular spectra of alkali
metal 4-nitrobenzoates and to compare them with the
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experimental data obtained by various molecular spectro-
scopic methods in order to characterize the aromaticity
and electronic charge distribution in 4-nitrobenzoates. In
view of different electronic nature of the �NO2 (electron
withdrawing) and �NH2 (electron donating) groups, it is
of interest to study the effect of nitro group substitution
instead of the amino group.We are looking for correlation
between molecular structure and macroscopic properties
of studied compounds. The main topic of our spectro-
scopic investigation was the evaluation of change of
aromaticity in studied benzene derivatives.


Aromaticity is associated with enhanced electron
delocalization resulting in increased stability, character-
istic reactivity, and equalization of inter-atomic bond
lengths, and ring currents evidenced by magnetic
consequence.12 To make quantity evaluation of aroma-
ticity, various indices13 have been defined, which
described the distribution of electronic density in the
molecule. Electronic charge distribution was also
examined by molecular spectroscopic study, which
may be the source of quality criterion of aromaticity.

Figure 1. Structures of: (a) 4-nitrobenzoic acid and (b)
4-nitrobenzoate of alkali metal (Me)

EXPERIMENTAL


Lithium, sodium, potassium, rubidium, and cesium
4-nitrobenzoates were prepared by dissolving the powder
of 4-nitrobenzoic acid in the water solution of the
appropriate metal hydroxide in a stoichiometric ratio. All
reagents were Aldrich analytical chemicals. The mixed
solution was slowly condensed at 70 8C to about 30% of
starting volume. The solution was then left at the room
temperature for 48–72 h until the sample crystallized in
the solid-state. Then, the remaining solvent was removed
by drying under reduced pressure at 110 8C. Obtained
salts were anhydrous, in the IR spectra of solid state
samples, the lack of bands characterized for crystallizing
water was observed.


The IR spectra were recorded with an EQUINOX 55,
BRUKER FT-IR spectrometer within the range
4000–400 cm�1. Samples in the solid state were measured
in KBr matrix. Pellets were obtained with a hydraulic
press under 739MPa pressure. Raman spectra of solid
samples in capillary tubes were recorded in the range of
4000–400 cm�1 with a FT-Raman accessory of a Perkin
Elmer System 2000. The resolution of spectrometer was
1 cm�1.


The NMR spectra of DMSO saturated solution were
recorded with a NMR AC 200 F, Bruker unit at room
temperature. TMS was used as an internal reference.


To calculate optimized geometrical structures, a few
quantum-mechanical methods were used: (i) Hartree-
Fock (HF), (ii) density functional (DFT) hybrid method
B3PW91, which uses the Becke’s three-parameter
functional with nonlocal correlation provided by Per-
dew-Wang 91 expression, (iii) the DFT hybrid method
B3LYP with nonlocal correlation provided by

Copyright # 2007 John Wiley & Sons, Ltd.

Lee-Yang-Parr expression. The 6-311þþG�� basis set
was used as the standard basis set available for all atoms.


The theoretical IR and Raman spectra were obtained.
The theoretical vibrational spectra were interpreted by
means of potential energy distributions (PEDs) using
VEDA 3 program.14


NMR properties of 4-nitrobenzoates and 4-nitrobenzoic
acid were predicted using B3LYP/6-311þG� and B3LYP/
6-311þþG�� basis sets with respect to TMS. B3LYP/
6-311þþG�� method was used to obtain the optimized
structures. The chemical shifts were calculated by
Gaussian 98 and Gauss View 3.09molecular visualization
program15,16 subtracting the appropriate isotropic part of
the shielding tensor q from that nitrobenzoates (isotropic
shielding).


All theoretical calculations were performed using the
GAUSSIAN 98W (v.5.4) package of program16 running
on a PC computer. The calculated parameters were
compared to experimental characteristic of studied
compounds.

RESULTS AND DISCUSSION


Calculated geometrical structure


To calculate optimized geometrical structures, a few
quantum chemical methods were used: HF/6-311þþG��,
B3PW91/6-311þþG��, B3LYP/6-311þþG��. The dis-
tances between atoms and the angles between bonds were
calculated. The atoms of molecule are numbered as Fig. 1.
Geometric17 and magnetic18,19 aromaticity indices,
dipole moments, and energies for 4-nitrobenzoates were
calculated too. The results obtained by three methods for
lithium, sodium, and potassium 4-nitrobenzoates are
presented in Table 1.


The results show that the bond distances of seven
carbon atom and 9, 10 oxygen atoms vary in free
4-nitrobenzoic acid molecule,9 in which they are 1.206 Å
and 1.348 Å (B3PW91), respectively, but in the salts, they
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Table 1. The values of distances (Åa) between atoms, bonds angles, and aromaticity indices calculated for 4-nitrobenzoates
using three methods


Methods


HF/6-311þþG** B3PW91/6311þþG** B3LYP/6-311þþG**


Metals Li Na K Li Na K Li Na K


Distance


1–2 1.388 1.388 1.388 1.396 1.396 1.396 1.399 1.400 1.399
2–3 1.383 1.383 1.383 1.387 1.387 1.387 1.389 1.390 1.390
3–4 1.382 1.382 1.382 1.390 1.390 1.390 1.392 1.392 1.393
4–5 1.382 1.382 1.382 1.390 1.390 1.390 1.392 1.392 1.393
5–6 1.383 1.383 1.383 1.387 1.387 1.387 1.390 1.390 1.390
1–6 1.388 1.388 1.388 1.396 1.396 1.396 1.399 1.400 1.399
1–7 1.502 1.512 1.518 1.499 1.509 1.514 1.502 1.512 1.518
7–9 1.244 1.240 1.238 1.267 1.263 1.261 1.270 1.266 1.264
7–10 1.244 1.240 1.238 1.267 1.263 1.261 1.270 1.266 1.264
10–11 1.859 2.214 2.561 1.872 2.224 2.526 1.868 2.221 2.534
4–8 1.469 1.468 1.467 1.475 1.473 1.472 1.481 1.479 1.478
8–8a 1.187 1.188 1.188 1.219 1.220 1.220 1.225 1.226 1.226
8–8b 1.187 1.188 1.188 1.219 1.220 1.220 1.225 1.226 1.226
2–2a 1.073 1.072 1.072 1.084 1.084 1.084 1.082 1.082 1.082
3–3a 1.071 1.071 1.071 1.082 1.083 1.083 1.081 1.081 1.081
5–5a 1.071 1.071 1.071 1.082 1.083 1.083 1.081 1.081 1.081
6–6a 1.073 1.072 1.072 1.084 1.084 1.084 1.082 1.082 1.082


Angles


1–2–3 122.2 120.4 120.5 120.3 120.5 120.5 120.3 120.5 120.6
2–3–4 118.4 118.4 118.4 118.5 118.5 118.5 118.5 118.5 118.6
3–4–5 122.6 122.4 122.3 122.4 122.2 122.2 122.3 122.2 122.1
4–5–6 118.4 118.4 118.5 118.5 118.5 118.5 118.5 118.5 118.6
5–6–1 120.2 120.4 120.5 120.3 120.4 120.5 120.3 120.5 120.6
2–1–6 120.3 120.0 119.8 120.1 119.8 119.7 120.1 119.8 119.6
1–7–9 119.4 118.1 117.6 119.1 117.9 117.5 119.3 118.0 117.6
1–7–10 119.3 118.1 117.5 119.2 117.9 117.5 119.3 118.0 117.6
7–9–11 83.7 88.4 92.2 82.9 87.8 91.2 82.9 87.8 91.4
7–10–11 121.3 123.9 124.9 121.7 124.2 124.9 121.4 124.0 124.8
9–11–10 119.8 120.0 120.1 119.9 120.1 120.1 120.0 120.1 120.2
2–1–7 119.9 120.0 120.1 119.9 120.1 120.1 120.0 120.1 120.2
6–1–7 118.7 118.8 118.8 117.6 118.9 118.9 118.8 118.9 118.9
1–2–2a 119.2 119.0 118.9 118.7 118.5 118.4 118.8 118.6 118.5
2–3–3a 121.4 121.4 121.4 121.9 121.9 121.9 121.8 121.8 121.8
3–4–8 120.2 120.2 120.1 119.6 119.6 119.5 119.7 119.7 119.6
4–8–8a 120.6 120.6 120.6 121.0 121.1 121.1 120.9 120.9 120.9
4–8–8b 117.6 117.7 117.8 117.6 117.7 117.8 117.7 117.8 117.8
8a–8–8b 117.6 117.7 117.8 117.6 117.7 117.8 117.7 117.8 117.8
4–5–5a 124.7 124.6 124.5 124.8 124.6 124.5 124.6 124.4 124.3


Geometric aromaticity indices


Aj 0.999 0.999 0.999 0.998 0.998 0.998 0.998 0.998 0.998
BAC 0.975 0.975 0.975 0.954 0.954 0.954 0.952 0.950 0.954
HOMA 0.995 0.995 0.995 0.994 0.994 0.994 0.988 0.986 0.987
GEO 0.002 0.002 0.002 0.004 0.004 0.004 0.004 0.005 0.004
EN 0.003 0.003 0.003 0.002 0.002 0.002 0.008 0.009 0.009
I6 97.819 97.819 97.819 96.877 96.877 96.877 96.632 96.391 96.871


Magnetic aromaticity indices


NICS �10.954 �10.923 �10.859 �9.167 �9.186 �6.734 �8.974 �9.003 �8.943
Dipole moment


D 8.870 11.949 13.922 8.752 11.759 13.413 8.705 11.659 13.471
Energy


Hartreeb �628.9 �783.3 �1220.6 �632.2 �787.0 �1224.6 �632.5 �787.3 �1224.9


a 1Å¼10�10m.
b 1 hartree¼ 2625.500 kJ/mol.
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are equal. It indicates a symmetric structure of carboxylic
ion. The lengths of C7–O9 and C7–O10 bonds slightly
decrease in the series from lithium to potassium
4-nitrobenzoate, but in the case of O10–Me11 bond,
the distance, inversely, increase in this series. The
O10-Me11 bond length is about two times longer than
O10-H11 bond in free acid (0.946-HF; 0.967-B3PW91;
0.969-B3LYP).


In sodium and potassium salts, the bond lengths are
longer. The bond distances between 1 and 7 carbon atoms
distinctly increase from 4-nitrobenzoic acid (1.495 Å-HF;
1.489 Å-B3PW91; 1.492 Å-B3LYP) through lithium and
sodium to potassium 4-nitrobenzoates. Comparing the
bond lengths of aromatic ring of studied 4-nitrobenzoates
and free acid, one can observe that the differences
between the largest and the least bond in the ring decrease
in the case of salts. Exemplary, for lithium, sodium, and
potassium salts, it amounts to 0.009 Å but for
4-nitrobenzoic acid 0.011 Å (B3PW91). In the case of
B3LYP method, the values of difference amount to
0.010 Å for lithium and sodium 4-nitrobenzoates and
0.009 Å for potassium 4-nitrobenzoate (K 4-NB)
while 0.012 Å for 4-nitrobenzoic acid (4-NBA). This
simple parameter indicates that aromaticity of salt
molecule insignificantly increases in comparing to acid
molecule. In alkali metal aminobenzoates, which have
been studied previously, the changes are clearer.3,4


Equalization of angles in aromatic ring is another of the
criteria of aromaticity of molecule. The values of angles
between C�C bonds in aromatic ring become equalized
along the series: lithium! sodium! potassium salt.
These results suggest that the perturbation of aromatic
system of investigated molecules decrease from potass-
ium to lithium salt. Taking into consideration data
obtained for free 4-nitrobenzoic acid,9 the values of
angles become equalized when nitrobenzoates are
created. The largest value of differences of angles is
observed for free acid (3.98-B3LYP) and the smallest one
for potassium salt (3.58-B3LYP). Comparing the values of
differences of angles, the following conclusion could be
drawn: aromaticity insignificantly increases in the order
4-NBA!Li 4-NB!Na 4-NB!K 4-NB.


The energy shows significantly decreasing tendency
along the series: 4-nitrobenzoic acid>Li>Na>K
4-nitrobenzoates. The values of energy calculated by
B3LYP method are �625.5; �632.5; �787.3; �1224.9
hartree (1 hartree¼ 2625.5 kJ/mol), respectively. It
indicates that stability of studied molecules increase
in the series. Values of total energy for 4-aminobenzoates
(previously obtained) are higher than for 4-nitrobenzoates,4


so 4-nitrobenzoates are more stable than 4-amino-
benzoates.


Comparing values of dipole moment for molecules of
lithium, sodium, and potassium salts of 4-nitrobenzoic
acid increasing tendency along the series: free acid -
! lithium! sodium! potassium 4-nitrobenzoates is
observed. The values of dipole moment calculated by

Copyright # 2007 John Wiley & Sons, Ltd.

B3LYP method are 3.770; 8.705; 11.659; 13.471 D,
respectively. The value obtained for 4-nitrobenzoic acid is
considerably smaller than for lithium salt.


To make quantitative evaluation of aromaticity of
studied molecules, the geometric aromaticity indices
were calculated. Obtained values of such indices as: Aj –
normalized function of variance of bond lengths; BAC –
Bond Alternation Coefficient; HOMA – abbreviation
from Harmonic Oscillator Model of Aromaticity,
and I6-Bird’s indices are presented in Table 1. These
indices were detailed described in our previous work.20


Distribution of electronic density in the molecule
determines the forces acting on the nuclei. Thus,
geometry may be a source of reliable information on
the electron distribution and may be used for description
of p-electron delocalization. Thus aromaticity index
HOMA may be used for estimation of p-electron
delocalization. The extended form of HOMA allows
one to get information about the nature of dearomatiza-
tion. If dearomatization is due to an increase of bond
alternation, then the GEO index is large; if dearomatiza-
tion is due to bond elongation, then the EN term is large
(HOMA¼ 1-EN-GEO).


Geometric aromaticity indices for free 4-nitrobenzoic
acid (calculated exemplary by B3PW91 method: 0.998;
0.950; 0.993; 0.005; 0.002; 96.29, respectively) are
insignificantly smaller then those obtained for alkali salts.
It indicates a higher aromaticity of salt molecules than of
4-nitrobenzoic acid. Comparing values of the aromaticity
indices in the series lithium, sodium, and potassium salts,
no differences were noticed. It arises from these criteria
that aromaticity in this series do not change. In previously
studied 4-aminbenzoates,4 the values of aromaticity
indices significantly increase along series 4-ABA!Li
4-AB!Na 4-AB!K 4-aminobenzoates.


The aromaticity indices based on magnetism NICS
were also calculated. The negative values of the absolute
shielding estimated in the center of the ring and 1 Å above
it were obtained and presented in Table 1. They are bigger
then those obtained for 4-nitrobenzoic acid �11.143
(HF), �9.338 (B3PW91), and �9.148 (B3LYP).9 It
indicates that aromaticity of salt molecule decreases in
comparison with acid one. This conclusion is opposite to
this based on geometry. According to Schleyer,18


magnetic aromaticity indices are more representatively
indices because they depend on electronic structure of
molecule.


The charges on the atoms in lithium, sodium, and
potassium 4-nitrobenzoates molecules calculated by
HF/6-311þþG��, B3PW91/6311þþG��, and B3PLYP/
6311þþG�� methods are presented in Table 2. The
Mulliken Population (M) and Natural Population
Analysis phase of Natural Bond Orbital (NBO) analysis21


were used.
The charges on 9 and 10 oxygen atoms in


4-nitrobenzoic acid calculated by B3LYP method are:
�0.275 and�0.177 according toMulliken, and according
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to NBO: �0.585; �0.688, respectively. These values are
different but those obtained for alkali salts by both
Mulliken and NBO analyses are equal. The absolute
values of Mulliken charges increase in series 4-NBA<Li
4-NB<Na 4-NB<K 4-NB. They change similarly
according to HF and B3PW91 methods.


In the case of NBO analysis, the values of charges on
those oxygen atoms are also negative. The absolute values
of them obtained for acid are also smaller than those
obtained for salt molecules but they decrease in the series
of alkali metals. These values for sodium and potassium
salts are almost equal.


The Mulliken charges on C1 atom in 4-nitrobenzoates
are positive and they are larger then that in free acid
(1.053 B3LYP). NBO charges on C1 atom for
4-nitrobenzoates as well as for acid (�0.138 B3LYP)
are negative. These values increase in the series from acid
to potassium salt. The Mulliken charge on C7 atom in
4-nitrobenzoic acid is positive (0.238 B3LYP), but it is
negative in salts. These changes are the same as those
previously obtained for 4-aminobenzoates.4 It means that
the influence of metal on the atomic charges independents
on the kind of substituent in benzoate ring. According to
NBO analysis, the decrease of charge value on C7 atom is
also observed in comparison with free acid (0.792
B3LYP). The polarity of bonds was calculated by HF,
B3PW91, and B3LYP methods. The results obtained for
Mulliken as well as NBO analysis are presented in
Table 3. From Mulliken’s one follows that polarity
insignificantly decrease along the series Li 4-NB!Na
4-NB!K 4-nitrobenzoates. However, polarity for salt
molecules is significantly bigger than for free acid, for
which they are 20.679-HF; 25.090-B3PW91;
20.089-B3LYP. The same conclusion is for HF,
B3PW91 as well as B3LYP method. It arises that
electronic systemwas disturbed and aromaticity of salts is
smaller than for acid, whereas it increases along series
from lithium to potassium 4-nitrobenzoates. NBO
analysis shows that polarity insignificantly increases
for salts in the series Li 4-NB!Na 4-NB!K
4-nitrobenzoates for HF method, but for two others the
series is Na 4-NB!Li 4-NB!K 4-nitrobenzoates. The
polarity for free acid is also smaller then for salts in
B3PW91 and B3LYP methods (9.389, 9.601) and in HF
method, it varies between lithium and sodium
4-nitrobenzoates.

NMR spectra


1H NMR and 13C NMR spectra of lithium, sodium,
potassium, rubidium, and cesium 4-nitrobenzoates were
recorded and obtained data are gathered in Table 4.
Differences of chemical shifts in 1H and 13C NMR spectra
of alkali metal 4-nitrobenzoates in comparison to those of
4-nitrobenzoic acid are shown in Table 5. The atom
positions are numbered as in Fig. 1. The chemical shifts of
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Table 4. Experimental chemical shifts in 1H and 13C NMR spectra of alkali metal 4-nitrobenzoates in comparison to
4-nitrobenzoic acid


Atom position�


Experimental chemical shifts d [ppm]


H Li Na K Rb Cs


H2a 8.15 8.10 8.10 8.08 8.07 8.06
H3a 8.25 8.13 8.13 8.10 8.10 8.08
H5a 8.25 8.13 8.13 8.10 8.10 8.08
H6a 8.15 8.10 8.10 8.08 8.07 8.06
C1 136.43 145.95 146.70 147.11 147.61 147.77
C2 130.73 130.31 129.98 129.92 129.95 130.10
C3 123.71 122.67 122.55 122.49 122.52 122.51
C4 150.04 149.00 147.68 147.58 147.29 146.31
C5 123.71 122.67 122.55 122.49 122.52 122.51
C6 130.73 130.31 129.98 129.92 129.95 130.10
C7 165.86 167.88 167.68 167.03 167.06 167.09


*The atoms are numbered as in Fig. 1.


Table 5. Values and direction of differences of chemical shifts in 1H and 13C NMR spectra of 4-nitrobenzoates in comparison to
4-nitrobenzoic acid, Dd [ppm]


Atom position�


4-nitrobenzoates


Li Na K Rb Cs


H2a �0.05 �0.05 �0.07 �0.08 �0.09
H3a �0.12 �0.12 �0.15 �0.15 �0.17
H5a �0.12 �0.12 �0.15 �0.15 �0.17
H6a �0.05 �0.05 �0.07 �0.08 �0.09
C1 9.52 10.27 10.68 11.18 11.34
C2 �0.42 �0.75 �0.81 �0.78 �0.63
C3 �1.04 �1.16 �1.23 �1.19 �1.20
C4 �1.04 �2.36 �2.46 �2.75 �3.73
C5 �1.04 �1.16 �1.23 �1.19 �1.20
C6 �0.42 �0.75 �0.81 �0.78 �0.63
C7 2.02 1.82 1.17 1.20 1.23


*The atoms are numbered as in Fig. 1.
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protons (1H NMR) and carbons (13C NMR) in the series
of alkali metals express the influence of studied metal on
the electronic charge density around those atoms. The
changes of chemical shift values on account of alkali salts
formation from 4-nitrobenzoic acid are presented in Fig. 2
(of protons) and Fig. 3 (of carbon atoms).

Figure 2. The values of chemical shifts for 4-nitrobenzoic
acid and its alkali metal salts in 1H NMR spectra


Copyright # 2007 John Wiley & Sons, Ltd.

In the case of studied compounds, all values of protons
are diamagnetically shifted in comparison to
4-nitrobenzoic acid. It indicates about decreasing of
intensity of the ring current and an increase in the
screening of these protons in 4-nitrobenzoates and finally
about decreasing of aromaticity.


The chemical shifts of protons numbered 2a and 6a,
and 3a and 5a are the same in pairs. The value of chemical
shift of the second pair is higher than d of the first one. It
means that electronic charge density is higher around
positions 2a and 6a comparing to positions 3a and 5a,
therefore an increase in the screening of these protons
proceed.22 The differences in chemical shifts of protons
along alkali metal 4-nitrobenzoates series are rather small
although they are clear. Obtained results show that
electronic charge density increases around protons (2a,
3a, 5a, 6a) in the order Li-Na-K-Rb-Cs 4-nitrobenzoates
(Fig. 2).


The dependencies of chemical shifts (H3a, H5a) upon
atomic mass, inverse of atomic mass, electronegativity,
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Figure 3. The values of chemical shifts for 4-nitrobenzoic acid and its alkali metal salts in 13C NMR spectra


Figure 4. The correlation between chemical shifts of C1
atom and values of atomic radius of alkali metal
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affinity, atomic and ionic radius, ionization and ionic
potential of alkali metal were investigated to estimate
which parameter mainly influences on the electronic
charge distribution. The statistical analysis shows the best
correlation for ionization potential (R¼ 0.992). High
values of correlation coefficients are obtained for atomic
and ionic radius of alkali metal (�0.975, �0.977,
respectively).


The similar effect is observed in the case of carbon
atom chemical shifts. The chemical shifts of C2, C3, C4,
C5, and C6 atoms are shifted diamagnetically, but the
values for C1 and C7 are shifted to higher values
comparing to free acid (Table 5). The largest changes of
chemical shifts are observed at C1 atom, it means a
decrease in electronic charge density around this nucleus
and a decrease in the screening effect. The chemical shifts
of C2 and C6 carbon atoms are higher than of C3 and C5.
The differences between chemical shifts of carbon atoms
along metal series are small (Fig. 3). Only the values
obtained for C1 atom clearly increase in comparison to
4-nitrobenzoic acid and increase in the series from
lithium to cesium 4-nitrobenzoates. The correlation
between chemical shifts of C1 atom and atomic mass,
inverse of atomic mass, electronegativity, affinity, atomic
and ionic radius, ionization and ionic potential of alkali
metal was investigated. It was found that all parameters
well correlate with values of chemical shifts, but the best
correlation is obtained for atomic radius (R¼ 0.990). This
correlation is presented at Fig. 4. The values of chemical
shifts for other carbon atoms insignificantly decrease. An
increase of electronic charge density in the order
Li-Na-K-Rb-Cs 4-nitrobenzoates is observed (Fig. 3).
The correlation between chemical shifts of C4 atom and
above-mentioned parameters of alkali atoms was also
investigated and slightly worse correlation coefficients
were obtained. The supreme value (R¼ 0.962) was
obtained for electronegativity. The chemical shifts for C7
atom also increase in comparison to 4-nitrobenzoic acid,
but they decrease in the series from lithium to potassium
4-nitrobenzoates, but for other salts, these values are
almost equal.

Copyright # 2007 John Wiley & Sons, Ltd.

The linear correlation between the differences in the
charges on the carbon atoms and corresponding nuclear
shielding as result of 4-nitrobenzoates formation is noted.
A linear correlation between differences in atomic
charges on aromatic ring carbon atoms and its theoreti-
cally obtained chemical shifts (Table 6) exemplary for
lithium 4-nitrobenzoates is presented in Fig. 5. Corre-
lation coefficients for sodium and potassium salts are
amount to 0.973 and 0.818, respectively. Comparing
differences in charge on carbon atoms and differences in
theoretically obtained nuclear shieldings, the highest
values are observed on C1 carbon atom, which is situated
near to carboxylic group.


A linear correlation between differences of atomic
charge on C7 atom as result of replacing H11 atom by
alkali metal and differences of chemical shifts of C7 atom
in experimentally obtained 13C NMR spectra is observed
too. The correlation coefficient is 0.967. Similarly,
dependencies for other carbon atoms are done. It is
interesting to note that the highest value of correlation
coefficient is obtained for C2 atom (0.999).


Theoretical 1H and 13C NMR spectra of lithium,
sodium, and potassium salts were also obtained.
Geometrical structures of studied compounds were
optimized by B3LYP/6-311þþG�� method. The GIAO
method was used for prediction of DFT nuclear
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Table 6. Theoretical chemical shifts of 4-nitrobenzoic acid and its alkali metal salts in 1H and 13C NMR spectra, d [ppm]


Atom
position*


4-nitrobenzoic acid Lithium 4-nitrobenzoate Sodium 4-nitrobenzoate Potassium 4-nitrobenzoate


B3LYP/
6-311þþG**


B3LYP/
6-311þG*


B3LYP/
6-311 þþG**


B3LYP/
6-311þG*


B3LYP/
6-311þþG**


B3LYP/
6-311þG*


B3LYP/
6-311þþG**


B3LYP/
6-311þG*


C1 141.06 138.77 146.61 145.02 148.29 146.70 150.65 149.05
C2 139.57 137.29 137.24 135.65 137.00 135.40 136.81 135.21
C3 130.94 128.66 129.64 128.05 129.03 127.44 129.07 127.48
C4 159.47 157.20 157.93 156.34 155.79 154.20 156.62 155.02
C5 130.85 128.57 129.64 128.05 129.03 127.43 129.07 127.47
C6 137.75 135.47 137.24 135.65 136.98 135.39 136.81 135.21
C7 170.90 168.62 187.91 186.32 180.55 178.96 181.21 179.61
H2a 8.60 8.52 8.61 8.52 8.62 8.53 8.57 8.49
H3a 8.58 8.50 8.51 8.42 8.46 8.37 8.41 8.32
H5a 8.54 8.50 8.51 8.42 8.46 8.37 8.41 8.32
H6a 8.43 8.34 8.61 8.52 8.62 8.53 8.57 8.49


*The atoms are numbered as in Fig. 1.


Figure 5. The correlation between differences of atomic charges on aromatic ring carbon atoms and differences of their
chemical shifts for lithium 4-nitrobenzoates
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shieldings. Cheeseman recommended these methods for
studied compounds, as mentioned in the documentation
for the Gaussian program.16 Theoretically obtained
chemical shifts of lithium, sodium, and potassium
4-nitrobenzoates in comparison to 4-nitrobenzoic acid
are gathered in Table 6. The linear correlation between
13C NMR shieldings and experimental data is noted. The
data show a good correlation between predicted and
observed carbon chemical shifts (Fig. 6).

Figure 6. The correlation between theoretical (B3LYP/
6-311þG�) and experimental chemical shifts 13C NMR

FT-IR and FT-Raman spectra


The vibrational spectra of the synthesized
4-nitrobenzoates were recorded and assigned. The
observed IR and Raman bands together with their relative
intensities and band assignments of studied metal salts
with 4-nitrobenzoic acid are presented in Table 7. The
bands are numbered along with the notation used by
Varsányi.23 The calculated wavenumbers and intensities

Copyright # 2007 John Wiley & Sons, Ltd.

of IR and Raman spectra of lithium, sodium, and
potassium 4-nitrobenzoates obtained by B3LYP method
at 6-311þþG�� level are shown in Table 8. The
theoretical vibrational spectra were interpreted by means
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Figure 7. Experimental and theoretical spectra of lithium
4-nitrobenzoates
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of PEDs using VEDA 3 program.14 The correlation
between observed and calculated IR spectra for lithium
4-nitrobenzoate (exemplary) are shown at Fig. 7. The
correlation coefficients for sodium and potassium salts in
IR spectra are 0.9987 and 0.9988, respectively. In Raman
spectra, they are 0.9990 (Li 4-NB), 0.9987 (Na 4-NB),
and 0.9992 (K 4-NB).


The changes of wavenumbers of the bands of aromatic
system of studied salts are discussed comparing to the free
acid. The wavenumbers of aromatic bands numbered as 4
in IR spectra, 7a and 8b in IR and Raman, 10a (IR), 14
(IR), 17a (IR), 17b (IR, R), 18a (except of rubidium and
cesium salts in Raman spectra), 20b (IR, R) increase in
comparison to free acid. However, the wavenumbers of
other bands decrease in comparison to free acid. There are
such as: 9a (IR), 18a (except of lithium and sodium salts
in IR), 18b (IR), 19a (IR), 19a (except of lithium in
Raman spectra), 19b in IR and Raman spectra in lithium,
sodium, and potassium salts (in rubidium and cesium
4-nitrobenzoates, we do not observe this band), 20a (IR,
R). The decrease of bands intensity in the case of bands
numbered as 2 (IR), 8b (R), 10a (IR), 16b (IR), 17a (IR),
17 b (IR, R), 18a (IR), 18b (IR), 19a (IR, R), 20a (IR, R),
20b (IR) are observed. Intensity of 18a (except of lithium
salt in Raman spectra), 20b (except of potassium salt in
Raman) bands increase in comparison to free acid (except
of potassium salt) but other bands do not change.


The wavenumbers of bands responsible for the nitro
group in the IR and Raman spectra of salts also change in
comparison to 4-nitrobenzoic acid. The wavenumbers of
bands assigned to the symmetric stretching vibration of
the nitro group in IR spectra (except of sodium and
potassium salts) and Raman (except of sodium salt),
bas(NO2) in IR (except of lithium salt) and n(C-N) in
Raman spectra decrease comparing to the free acid. The
wavenumbers of bands representing bs(NO2) vibrations
in IR spectra insignificantly increase except of sodium
and cesium salts. However, wavenumbers of the
asymmetric stretching vibration of the nitro group
nas(NO2), n(C-N) except of cesium salt and of g(NO2)
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in IR and bas(NO2) in Raman spectra considerably
increase comparing to the free acid. The intensities of
bs(NO2) and bas(NO2) decrease in IR spectra, but
intensities of n(CN) decrease in IR and increase (except
of sodium salt) in Raman spectra. The intensities of
g(NO2) do not change in IR comparing to 4-nitrobenzoic
acid but of the symmetric and asymmetric n(NO2) do not
change except of lithium and sodium nitrobenzoates in
Raman spectra, in the case of them, the intensities
decrease. These changes in wavenumbers of nitro group
bands occurring under the influence of metal action on
4-nitrobenzoic acid may be caused by hydrogen bond
breaking. Ligand set containing nitrogen atoms and
carboxylic groups is inclined to form molecular com-
plexes with head-to-head carboxylic acid hydrogen
bonds. The bases such as NaOH or KOH may cause
breaking hydrogen bonding in these molecular com-
plexes.


The influence of the metal on vibration structure of
4-nitrobenzoates expressed in the shift of selected bands
along the metal series was investigated. The wavenum-
bers of the aromatic ring bands change toward the series
of metal ion. Some of them show decreasing tendency
along the metal series: 2 (Li>Na>K>Rb), 19a
(Li>Na>K¼Rb>Cs), 8b (except of sodium salt
Li<Na>K>Rb¼Cs), 9a (except of lithium salt
Li<Na>K>Rb¼Cs) in Raman spectra and 10a
(Li>Na>Rb>Cs), 2 (except of lithium salt
Li<Na>K¼Rb>Cs), 7a (except of potassium salt
Li>Na>K<Rb>Cs), 18a (except of lithium
Li<Na>K>Rb>Cs) in IR spectra. But those of 8b
band (IR) increase from lithium to potassium
4-nitrobenzoates but decrease from potassium to cesium
salts Li<Na<K>Rb>Cs and similar tendency was
observed of 8a (IR) band Li<Na¼K>Rb>Cs. The
other aromatic bands almost do not change or are
scattered. The wavenumbers of the symmetric stretching
bands of carboxylic anion ns (COO


�) in IR and Raman
spectra decrease in the series Li!Cs. The wavenumbers

Figure 8. Correlation between the wavenumber of symmetric in
radius of alkali metal


Copyright # 2007 John Wiley & Sons, Ltd.

of the asymmetric vibrations nas(COO
�) increase from


lithium to potassium and decrease from potassium to
cesium salts. The wavenumbers of the asymmetrical
stretching bands of carboxylic anion group nas(COO


�) in
IR and Raman spectra scatter but the magnitudes of
separation between wavenumbers due to asymmetrical
and symmetrical stretching vibration of COO� group
nas–ns increase in the series Li<Na<K<Rb<Cs
nitrobenzoates in Raman (in IR spectra, this value for
potassium salt is larger than for rubidium). These values
in IR spectra are respectively as follows: 108, 117, 135,
132, and 144 cm�1 (in Raman: 88, 95, 113, 124, 133). It
indicates on the higher degree of ionic bond.24,25


The correlation between wavenumbers of some bands
and some metal parameters was also studied. The
ns(COO


�) and bs(COO
�) bands in IR and Raman spectra


correlate with such metal parameters as: electronegativ-
ity, ionic potential (defined as ratio of cation charge and
ionic radius), atomic mass, inverse of atomic mass and
affinity. In the case of symmetric in plane deformations
bs(COO


�) in Raman spectra the best correlation
coefficient was obtained for atomic radius (0.938) and
it was presented at Fig. 8. The larger values of correlation
coefficients were obtained for the symmetric stretching
vibration bands in IR spectra for atomic mass (�0.973)
and in Raman spectra for potential of ionization (0.999)
(Fig. 9). All results for ns(COO


�) band in Raman spectra
indicate good correlation in the linear fashion with all
tested factors at the statistically important level.


The correlation between magnitude of differences of
wavenumbers of asymmetric and symmetric stretching
vibrations Dnas–s(COO


�) in IR and Raman spectra was
done and the best correlation was obtained for potential of
ionization (Fig. 10).


The correlation between lengths of C7–O9 and
O9–Me11 bonds and wavenumbers of the bs(COO


�)
and bas(COO


�) bands in IR and Raman spectra were
observed. Exemplary correlation is presented at
Fig. 11.

plane deformations bs(COO
�) in Raman spectra and atomic
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Figure 9. Correlation between the wavenumber of symmetric stretching vibration ns(COO
�) in Raman spectra and ionization


potential of alkali metal


Figure 10. The correlation between magnitude of differences of wavenumbers of asymmetric and symmetric vibrations bands
and ionization potential of alkali metals, which created 4-nitrobenzoates
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Figure 11. Correlation between lengths of O10-Me11 bond and wavenumbers of bs(COO
�) band in Raman spectra
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CONCLUSIONS


Spectral characteristics (experimental and theoretical IR,
Raman, NMR spectra) and calculated geometrical
structures (bond lengths, angles, energies, dipole
moments, aromatic indices, polarity) of the alkali metal
4-nitrobenzoates were investigated.


The changes in the IR and in the Raman spectra as well
as in the NMR spectra show that aromaticity of salts
generally decreases in comparison to free acid:

I T

Cop

he intensity of a large majority of aromatic bands
decreases in the IR and Raman spectra of salts in
comparison to free acid, which suggest an increase of
the destabilization of the electronic charge distri-
bution of the salt molecules.

II H

owever, the wavenumbers of aromatic ring bands of
salts (IR and/or Raman spectra) increase (4, 7a, 8b,
10a, 14, 17a, 17b, 20b) as well as decrease (9a, 18b,
19a, 19b, 20a) in comparison to 4-nitrobenzoic acid,
so basing on this criterion, it is difficult to say what
changes undergo the aromaticity of molecules,

III I

n the case of NMR spectra, the chemical shifts of
protons for 4-nitrobenzoates are changed diamagne-
tically in comparison to free acid. It indicates about
the decrease of aromatic properties of salts. The
chemical shifts of carbon atoms also decrease except
of C1 and C7 atoms.

The calculated geometrical structures show that
substitution of alkali metal cation instead of hydrogen
cation in carboxylic group caused insignificant increase
of aromaticity. On the other hand, the aromaticity indices
based on magnetism NICS indicate that aromaticity of
salt molecules decreases compared to acid. According to
Schleyer,18 magnetic aromaticity indices are more
representatively indices because they depend on
electronic structure of molecule.


In the order Li!Na!K!Rb!Cs salts of
4-nitrobenzoic acid generally (with some exceptions),
the destabilization of electronic and aromatic systems
increase, although the differences between studied salts are
very small. The correlation between degree of the
disturbance of the electronic system and such metal
parameters as: electronegativity, ionic potential, atomic
mass, inverse of atomicmass and affinity take place. On the
basis on the data obtained in this work, it is not possible to
explicitly evaluate, which of them decide about disturb-
ance of electronic system of studied compounds.


Partly discrepancies between obtained conclusions
from experimental and theoretical data could be
explained by intra- and intermolecular interaction in real
supramolecular structure of studied compounds. Lack of
crystallographic data in the literature and difficulties in
growing monocrystals prevent comparison of our results
with data of x-ray diffraction.


Our present conclusions seemingly are partly
opposite of those come from our investigation of

yright # 2007 John Wiley & Sons, Ltd.

4-aminobenzoates.4 It is necessary to bear in mind that
nitro and amino groups have totally extreme properties:
electron withdrawing (�NO2) and electron donating
(�NH2) groups. That is why the mechanism of influence
of alkali metal on 4-amino- and 4-nitrobenzoic acids is
different.
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ABSTRACT: The relative mobility of nitro and fluoro substituents in 1,3-dinitro- and 1-fluoro-3-nitrobenzenes,
3,5-dinitro- and 3-fluoro-5-nitrobenzotrifluorides under the action of the nucleophiles (2ArYH)�K2CO3 and ArY


�Kþ


in solution and the nucleophiles ArYH�K2CO3 (Y¼O, S) under heterogeneous conditions was studied by a
competitive method in DMF at 40–140 8C. The unique dependences of DDH 6¼ on DDS6¼ and DDH 6¼ on DDG 6¼ were
determined for all the substrates and nucleophiles. The dependence of the mechanistic pathway on the nucleophile is
discussed. Two results are relevant to the reactions studied: (i) substituent effects in the nucleophiles (2ArYH)�K2CO3


and ArYH�K2CO3 on the activation entropies suggest that the entropy favours the displacement of nitro group; (ii) the
negative signs of DDH 6¼ and DDS 6¼ for the reactions of the nucleophiles ArY�Kþ indicate that the enthalpy determines
the displacement of nitro group. It is concluded that the selectivity of the reactions with aryloxide and arylthioxide ions
cannot be explained by the hard–soft acid–base principle only. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: aromatic nucleophilic substitution; nucleophilic reactivity; selectivity; compensation relationship; reaction


mechanisms


INTRODUCTION


It is well known that the selectivity of ipso-substitution
in SNAr reactions depends on the nature of the
nucleophile, and the comparison of hard and soft
nucleophile reactivity (HSAB principle1) is a good
method for predicting leaving mobility in these reac-
tions.2 As evident from previous data,2,3 soft thiophen-
oxides substitute for a nitro group more rapidly than for
fluorine in the reactions of 2-R- and 4-R-nitrobenzenes,
1-R-2,4- and 1-R-3,5-dinitrobenzenes, 1-R-4-trifluoro-
methylsulfonylbenzenes, 1-R-3,5-bis(trifluoromethylsul-
fonyl)benzenes, 3-R- and 4-R-phthalimides, 1-R- and
2-R-anthraquinones and 1-R-5-nitrothiophenes (every-
where R¼NO2, F) in comparison with hard oxygen
nucleophiles. The activity series of the leaving
groups NO2 and F are attributable to the different
polarizabilities of O- and S-anions.2a


Recently we found that the selectivity of the
displacement of nitro and fluoro groups in the reactions
of 1,3-dinitro- and 1-fluoro-3-nitrobenzenes, (1 and 2),
3,5-dinitro- and 3-fluoro-5-nitrobenzotrifluorides, (3 and
4), with phenols and thiophenols in the presence of


potassium carbonate in DMF depends on the nature of the
nucleophile.4–6 It is worth noting that anhydrous
potassium carbonate is widely used in organic synthesis
as a non-nucleophilic agent for generating charged
nucleophiles in situ in different nucleophilic reactions7


including organic reactions under solid–liquid phase
transfer catalysis conditions.7a–d We showed previously
that phenols and thiophenols with K2CO3 in DMF form
two types of nucleophiles as 5 and 6.4,8


Nucleophile 6 characterised by IR and 19F NMR
spectra forms in the presence of an excess of solid K2CO3


(heterogeneous reaction conditions).4 The other nucleo-
phile 5 determined by IR, 1H, 13C and 39K NMR
spectroscopy is obtained when the corresponding phenols
or thiophenols and K2CO3 are kept in DMF at 70 8C,
followed by filtration from the excess of solid K2CO3


(homogeneous reaction conditions).8 Therefore, it was
interesting to compare the selectivity of the displacement
of nitro and fluoro groups in the reactions of 1 and 2, 3 and
4 by action of nucleophiles 5, 6 and standard nucleophile
ArY�Kþ7 under heterogeneous reaction conditions and
in DMF solution.


RESULTS AND DISCUSSION


The relative mobility of nitro and fluoro substituents in
two couples of substrates, 1 and 2, 3 and 4, was
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investigated by a competitive method9 with a series ofO-,
5a,d,g, 6a–g, 7a,d,g, and S-nucleophiles, 5i, 6h–l, 7i, in
DMF at 40–140 8C (Fig. 1).


Fluoro-substituted substrates are compounds 2, 4. The
selected temperature range ensured quantitative yields of
the target products 8 and the absence of by-products.
Nucleophiles 6 are readily generated in situ from the
corresponding phenols and thiophenols in the presence of
potassium carbonate under heterogeneous conditions.4–6


At the same time nucleophiles 5 and 7 are obtained in
DMF solution.8 Clearly, it is difficult to compare kinetic
data of heterogeneous and homogeneous processes.
However, the competing technique may be useful for
studying substrates exhibiting comparable reactivities,
since the apparent reaction rate weakly depends on the
rates of reaction steps other than the displacement steps.10


A better insight into the effects of the nucleophile
structure on the displacement selectivity can be obtained
from studies in which the reaction temperature is varied.
The ratio kNO2


=kF for the competitive reactions of 1, 2
with 6a–d,i and 3, 4 with 5a,d,g,i, 6a–l, 7a,d,g,i depends
on temperature and changes from 0.57 to 116.2 (Table 1).
The phenols and thiophenols under study give rise to
linear relations between logðkNO2


=kFÞ and 1/T (r¼ 0.999;
Fig. 2), obtained for the studied phenols and thiophenols,
which means that the Arrhenius equation is valid for all
the investigated reactions.


As can be seen from Table 1, the differences in the
activation parameters (DDH6¼ and DDS6¼) calculated from
the modified Eyring equation for competing reactions
have positive signs, except for reactions of 3, 4 with
7a,d,g,i (entries 2, 4, 6, 8). The latter exhibit negative
signs for DDH 6¼ and DDS6¼. Positive DDH 6¼ and DDS6¼


suggest that the substitution of the nitro group in 1, 3 is
favoured by the entropy factor while the fluoro
substitution in 2, 4 is favoured by the enthalpy one.
The opposite applies for DDH6¼< 0 and DDS6¼< 0: the


nitro group displacement is preferred by enthalpy and the
entropy favours the fluoro displacement. The DDH6¼ and
DDS6¼ values thus obtained (Table 1) are linearly related
(r¼ 0.999; Fig. 3); this indicates a compensation
relationship11 for the reactions of all the substrates 1–4
and the whole series of nucleophiles 5–7 in homogeneous
and heterogeneous conditions. The compensation
regression was also estimated by the plot of DDH6¼


versusDDG6¼ (Fig. 4).12 It is worth nothing that theDDH6¼


and DDS6¼ values for the reactions of 1–4 with
S-nucleophiles 5i and 6i are larger than those for the
same reactions with O-nucleophiles 5a and 6a (Table 1,
Figs 3 and 4, entries 1 and 7, 9 and 17, 22 and 25). At the
same time there is almost no difference between the
DDH 6¼ andDDS6¼ values for the reactions of 3, 4with both
O- and S-nucleophiles 7 (Table 1, Figs 3 and 4, entries 2,
4, 6, 8). More interestingly the entropy contribution
decreases from the reactions of S-nucleophiles 5i, 6i
(negative DDG6¼) to the reaction of S-nucleophile 7i
(positive DDG6¼) (Table 1, entries 7, 8, 17, 25).


It was shown that electron-withdrawing substituents
(EWS’s) in 1–4 accelerate the replacement of the nitro
group in the reaction with phenols in the presence
of K2CO3 in DMF and the introduction of electro-
n-releasing substituents (ERS’s) into the aromatic ring of
the nucleophiles 5, 6 and 7 accelerates the replacement of
the nitro and fluoro groups in 1–4.4 Moreover, the
activation free energies, DG6¼, for the reactions of 1–4
with 6 (Table 2)6 approach the DG6¼ range for
typical SNAr reactions of weakly activated arenes with
charged oxygen and sulphur nucleophiles.13 Therefore,
these facts indicate that the reactions of 1–4 occur via
an SNAr mechanism,4–6 but the TS structures for the
rate-determining steps of the s-complex formation are
different (Fig. 5). The SNAr displacement with 1–4 and 5,
6 is characterised by loose transition states TS1 and TS2.
The assumed structures of TS1 and TS2 can be inferred


1, 2   R = H          a.   Y = O,  Ar = 4-MeC6H4 g.   Y = O,  Ar = 3-NO2-5-BrC6H3     
3, 4  R = CF3       b.   Y = O,  Ar = Ph h.   Y = S,  Ar = 4-MeOC6H4


c.   Y = O,  Ar = 4-ClC6H4 i.   Y = S,  Ar = Ph 
d.   Y = O,  Ar = 3-NO2C6H4 j.   Y = S,  Ar = 2-C10H7


e.   Y = O,  Ar = 4-AcC6H4 k.  Y = S,  Ar = 3-CF3C6H4


f.   Y = O,  Ar = 4-CNC6H4 l.   Y = S,  Ar = 4-NO2C6H4


O2N NO2 O2N F


R R


O2N YAr


R


kNO2/kF


DMF


40 - 140  Co


ArYH  K2CO3 6


(2ArYH) K2CO3   5


ArY-K+   7


+


1, 3 2, 84


.


.


Figure 1. Scheme of the competitive displacement of nitro and fluoro groups in arenes 1, 2 and 3, 4 in their reaction with
nucleophiles 5–7
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from the influence of the isotope composition of the
nucleophiles 6 obtained with phenols ArOH and ArOD,
respectively; the substitution selectivity in competing
reactions of 3 and 4 with 6 decreases on going from


nucleophile 6 to its deuterium analogue.6 The possibility
of the formation of the intermediate complex (IC) (Fig. 6)
between 1–4 and 5, 6 can be ruled out, since these
reactions are characterised by large values of DH6¼


(126–228 kJmol�1) and DS6¼ (�18 to 250 kJmol�1 K�1)
(Table 2).6 These data contradict the concept involving
formation of a s-complex in the framework of the
classical SNAr-mechanism.13 In this case, the rate
constants for the relative reactions are effective and the
values ofDH6¼ andDS6¼ are determined by both stages: the
formation of IC and the following nucleophilic attack
with the formation of TS1 or TS2, respectively (Fig. 6).
The positive activation entropy, DS 6¼, seems to be due to
the higher degree of freedom in the loose TS1 and TS2 as
compared with the more highly organised complexes 5
and 6 and IC. Recently, positive DS6¼ were found also for
the reactions of benzoyl derivatives with hydroxide ion as
a consequence of extensive OH� desolvation before the
formation of the transition state.14 It is also possible that
the high sensitivity of DS6¼ and the low one of DG6¼ to the
nucleophile structure (Table 2) are connected with the
possibility for 5 and 6 to considerably change their
geometry upon interaction with 1–4 leading to IC.
Recently, it was shown on the basis of an ab initio study


Table 1. Relative leaving mobility of nitro and fluoro groups, k(NO2)/k(F), for reactions of 1–4 with 5, 6 and 7 in DMF at 70 8C
and Eyring parameters of these reactions


Entry Compounds Nucleophile k(NO2)/k(F)
a


DDH 6¼


(kJmol�1)b
DDS 6¼


(Jmol�1 K�1)b
TDDS 6¼


(kJmol�1)b,c
DDG 6¼


(kJmol�1) References


1 3, 4 5a 1.05� 0.05 15.4� 0.4 45.5� 0.3 15.6� 0.1 �0.2 g


2 3, 4 7a 0.57� 0.01 �6.7� 0.3 �24.2� 0.3 �8.3� 0.1 1.6 g


3 3, 4 5d 1.52� 0.03 31.6� 0.6 95.6� 2.1 32.8� 0.7 �1.2 g


4 3, 4 7d 1.10� 0.06 �7.5� 0.3 �21.3� 0.3 �7.3� 0.1 �0.2 g


5 3, 4 5g 1.75� 0.05 39.8� 0.8 120.7� 2.3 41.4� 0.8 �1.6 g


6 3, 4 7g 1.34� 0.05d �8.1� 0.4 �20.7� 0.6 �7.1� 0.2 �1.0 g


7 3, 4 5i 2.18� 0.04 22.5� 0.9 72.0� 2.9 24.7� 1.0 �2.2 g


8 3, 4 7i 0.79� 0.03 �7.7� 0.2 �24.2� 0.6 �8.3� 0.2 0.6 g


9 3, 4 6a 1.05� 0.05 15.4� 0.2 45.3� 0.6 15.5� 0.2 �0.1 4
10 3, 4 6b 1.11� 0.01 18.1� 0.5 52.9� 1.4 18.1� 0.5 0 4
11 3, 4 6c 1.20� 0.01 21.8� 0.4 64.0� 1.2 21.9� 0.4 �0.1 4
12 3, 4 6d 1.38� 0.02 27.6� 0.8 83.6� 2.5 28.7� 0.8 �1.1 4
13 3, 4 6e 1.53� 0.02 75.0� 0.4 225.5� 0.6 77.3� 0.3 �2.3 4
14 3, 4 6f 1.58� 0.02 80.3� 1.1 241.3� 3.4 82.8� 1.1 �2.5 4
15 3, 4 6g 1.66� 0.02 91.6� 6.2 91.6� 6.2 94.4� 3.3 �2.8 4
16 3, 4 6h 6.73� 0.47 60.6� 0.3 184.4� 1.0 63.2� 0.4 �2.6 5
17 3, 4 6i 10.1� 0.71 69.1� 2.8 210.8� 8.5 72.3� 2.9 �3.2 5
18 3, 4 6j 14.9� 1.04 77.2� 0.5 235.6� 1.4 80.8� 0.5 �3.6 5
19 3, 4 6k 32.8� 2.3 94.1� 0.5 287.5� 1.5 98.6� 0.5 �4.5 5
20 3, 4 6l 116.2� 8.13 124.8 381.7 130.9 �6.1 5
21 1, 2 6a 1.23� 0.01e 8.5� 0.1 23.5� 0.3 8.7� 0.1f �0.2 6
22 1, 2 6b 1.31� 0.01e 10.5� 0.1 28.9� 0.3 10.7� 0.1f �0.2 6
23 1, 2 6c 1.40� 0.01e 12.6� 0.4 34.8� 1.1 12.9� 0.4f �0.3 6
24 1, 2 6d 1.54� 0.02e 16.3� 0.2 45.0� 0.5 16.7� 0.2f �0.4 6
25 1, 2 6i 0.76� 0.1d 39.4� 1.6 109.3� 4.8 40.6� 1.7f �1.2 g


a Values have been corrected for a statistical factor where appropriate.
bDDH 6¼ ¼DH 6¼(NO2)�DH 6¼(F) and DDS6¼ ¼DS6¼(NO2)�DS6¼(F) are calculated by the modified Eyring equation log[k(NO2)/k(F)]¼�DDH 6¼/
2.303RTþDDS6¼/2.303R.
c At 70 8C.
dAt 80 8C.
e At 120 8C.
f At 98 8C.
g This work.
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Figure 2. Eyring plots of logðkNO2
=kFÞversus 1/T for com-


petitive reactions of compounds 1–4 with nucleophiles 5
(curves 1, 3, 5, 7), 6 (curves 9–25) and 7 (curves 2, 4, 6, 8) in
DMF. The parameters of the lines are given in Table 1; the
correlation coefficients for all lines are higher than 0.998
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that the interaction between negatively charged species
and the p system of an aromatic ring gives nucleophi-
lically reactive complexes.15


As follows from Fig. 2, the displacement selectivity of
nitro and fluoro groups, logðkNO2


=kFÞ, in the reaction of 3,
4with oxygen nucleophiles 5a,d,g, 6a–g (curves 1, 3, 5, 7,
9–15) is lower than that in the same reaction with sulphur
nucleophiles 5i, 6h–l (curves 7, 16–20) in line with the
HSAB principle.1 On passing to the reaction of 1, 2 with
oxygen nucleophiles 6a–d (Fig. 2, curves 21–24) and
sulphur nucleophile 6i (Fig. 2, curve 25), the relative
mobility of the nitro and fluoro groups is very close for
both types of nucleophiles. However, the displacement
selectivity of nitro and fluoro groups in the reaction of 3, 4
with O-nucleophiles 7d,g can exceed that in the same
reaction with S-nucleophile 7i (Fig. 2, curves 4, 6, 8).
Evidently, the influence of the larger polarizability of
sulphur nucleophiles16 does not always determine the
larger displacement selectivity of nitro and fluoro groups
compared with that for the oxygen ones.2 Recently, it was
found that the selectivities of the reactions of carbocations
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Figure 4. Compensation plot of DDH6¼versus DDG 6¼ for
competitive reactions of compounds 1 and 2 with nucleo-
philes 6, compounds 3 and 4 with nucleophiles 5 and 7 in
DMF. The identity of the numbers is the entry number in
Table 1 (DDH 6¼ ¼11.0� 19.4DDG 6¼, r¼ 0.944, s¼12.4,
n¼ 25)


Table 2. Calculated activation parameters for the reactions of nitro and fluoro displacement in arenes 1–4 by reaction with
nucleophiles 6 in DMF6


Compound Nucleophile DH6¼ (kJmol�1) DS6¼ (Jmol�1 K�1) TDS 6¼ (kJmol�1)a DG 6¼ (kJmol�1)


3 6a 212 250 86 126
4 6a 197 205 70 127
3 6d 154 66 23 131
4 6d 126 �18 6 132
1 6a 228 240 89b 139
2 6a 220 217 80b 140
1 6d 160 52 19b 141
2 6d 144 7 3b 141


aAt 70 8C.
bAt 98 8C.
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with ambident thiocyanate ion, (kS/kN), and nitrite ion,
(kN/kO), cannot be explained by the HSAB principle.17


Usually the nitro group is an extremely good
nucleofugic group, much better than fluoro group, when
a more polarizable reagent such as thiophenoxide is used.
This fact is well explained by taking into account the
intervention of repulsion (or London forces) phenomena
between the nucleophile and the nucleofugic group in the
transition state TS3 (Fig. 5). When the nucleophile is
softer, larger, and more polarizable, it can efficiently
make the new bond at a larger distance, minimising these
phenomena.2a,b But in the case of TS1 and TS2, an
additional factor determining the length of the new bond
is a steric strain in the cycle.


It is noted that the reactions of nucleophiles 7 with
arenes 3, 4 can go through the formation of the highly
organised TS3 or TS4 without the preliminary IC step
(Fig. 6) because the same reactions are characterised by
negative DS6¼ values.13TS4 implies the assistance of
potassium-phenoxide (thiophenoxide) ‘ion-pair’.18 Prob-
ably, the length of the new bond in the tight transition state
TS4 is controlled by the cycle strain and there is a
compensation for repulsion phenomena between the
different oxygen and sulphur nucleophiles and the leaving
group in the cyclic TS4 (cf. Ref. 2a). The latter
interpretation can be suggested for the decrease in the
displacement selectivity of nitro and fluoro groups in 3, 4
in their reaction with 7i.


Hence the differential entropy of activation determines
the selectivity of the nitro versus fluoro displacement in
the reactions of meta-substituted arenes with phenols and
thiophenols in the presence of potassium carbonate. At
the same time the nitro group displacement by phenoxides
can be favoured over that by thiophenoxides contrary to


the HSAB principle. The compensation relationship
(Fig. 3) gives a possibility to estimate the influence of the
nucleophile structure on the mechanistic details in the
classical SNAr reaction.


EXPERIMENTAL


GLC analysis of the reaction mixtures was performed on
an LKhM-72 chromatograph (heat conductivity detector;
4000� 0.4mm column packed with 15% of SKTFT-803
on Cromaton-W; carrier gas helium; linear oven
temperature programming from 70 to 270 8C at a rate
of 10 degmin�1). The products were quantitatively
determined by the absolute calibration technique using
preliminary plotted calibration curves and were identified
by addition of authentic samples. Commercial DMF was
dried over 4 Å molecular sieves and distilled under
reduced pressure over CaH2. Commercial phenols,
thiophenol, 1 and 2, were purified by standard procedures.
Starting compounds 3, 4, 7a,d,g,i were synthesised
according to previously published procedures.4,19,20 The
reaction products 8a,d,g,i were obtained in quantitative
yields by reaction of 1–4 with the corresponding phenols
and thiophenols in the presence of K2CO3 in DMF at
98 8C and characterised by IR, 1H and 19F NMR and mass
spectroscopy.4,19 Preliminary it was shown that the
products 8a,d,g,i were stable under the experimental
conditions.4,19


Kinetic measurements


The kinetic runs and the preparation of solutions of
nucleophiles 5a,d,g,i and 7a,d,g,i were performed under
purified argon atmosphere. Competition reactions of the
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two substrates 1, 2 or 3, 4 with nucleophiles 5a,d,g,i, 6i
and 7a,d,g,i were carried out with equal molar
concentrations of 3 and 4 or 1 and 2, those of the
nucleophile being five times smaller. In every case,
8a,d,g,i are the only products, as shown by GLC analyses.
Performing of the competition reactions in large excess of
1–4 relative to nucleophile is more favourable to obtain
kNO2


=kF values constant along the reaction progress.
8,19 In


such a case, pseudo-first-order kinetics prevail.9 These
conditions ensured that the ratios of reacted 3, 4 or 1, 2
were directly proportional to the ratio of the second-order
rate constants for each reaction according to the
equation:9,21


kNO2


kF
¼ log½A0� � log½At�= log½B0� � log½Bt�


where [A0], [B0], [At] and [Bt] are the initial concen-
trations and the concentrations at reaction time t,
respectively, of 3 and 4 or 1 and 2.


The procedure for the determination of the relative
reactivity of compounds 1, 2 towards nucleophile 6i in
DMF is described in a previous work.5


Determination of the relative reactivity of com-
pounds 3, 4 towards nucleophiles 5a,d,g,i, and
7a,d,g,i in DMF (typical kinetic procedure). K2CO3


(0.4 g, 2.9mmol) was added to 2.0–4.5mL of a 10%
solution of the corresponding phenol or thiophenol
(2.0mmol) in DMF. The mixture was stirred for 3 h at
70 -C, cooled, and the excess of K2CO3 was filtered off on
a glass filter (16th pore size) and washed with 0.2mL of
DMF on the filter. The filtrate obtained (0.1–0.2mL) or
0.2–0.3mL of 10% solution of 7a,d,g,i (0.1mmol) was
added to 2.2mL of a 10% solution of 3 (0.5mmol) and 4
(0.5mmol), the solution was stirred at definite tempera-
ture for 3–4 h, cooled and analysed by GLC. The reported
relative constants are average values of several determi-
nations.
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icals, XSi(GeY2)2SiX, (X¼H, CH3, SiH3, C(CH3)3, NH2 for X¼ F;
retically designed by the orbital phase theory, the density functional


theory (DFT) calculations , the second order Møller–Plesset perturbation theory (MP2), and the complete active space
self-consistent field (CASSCF) methods. The silicon-centered singlet diradicals are more stable than the lowest triplets
and than the bicylic s-bonded isomers if the isomers exist. The most stable singlet diradicals are not the p-type
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INTRODUCTION


Diradicals are chemical species with two unpaired elec-
trons, which occupy two degenerate or nearly degenerate
molecular orbitals. Diradicals play a crucial role in
bond-forming and bond-breaking processes, and they are
even more ephemeral than monoradicals because the
bifunctionality permits both intermolecular and intramo-
lecular couplings. In recent years, localized 1,3-diradicals
are of increasing interest in organic chemistry.1–25


Nevertheless, detections of the localized diradicals are
difficult possibly due to the high reactivities and short
lifetimes. Singlet states of diradicals usually compete
with the triplet states. It is also possible for two radical
centers of 1,3-diradicals to form one s bond. Therefore,
the preparation of stable localized singlet 1,3-diradicals is
still a challenge.


Some experimental works have shown evidence of
long-bond compounds and bond-stretch isomers.11 The
distance between the unpaired electrons provides a quali-
tative evaluation of the diradical character. For 1,3-
dislabicyclo[1.1.0]butane,11a the interatomic Si . . . Si
distance (2.412 Å) is longer than the Si—Si single bond
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Republic of China.
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length (2.27–2.33 Å),26 being taken as an inverted s


bond with diradical character. Some germanium (Ge)-
and stannum (Sn)-centered singlet diradicals, Ge2N2 and
Sn2N2, were also reported experimentally.27 It was shown
that those Ge- and Sn-centered compounds appear
distinct diradical character with much longer distance
of Ge . . .Ge (2.755 Å)27a and Sn . . . Sn (3.398 Å)27b than
the normal Ge—Ge (2.44 Å)28 and Sn—Sn (2.81 Å)29


single bond, respectively. In the present work, we
theoretically design some silicon-centered diradicals,
XSi(GeY2)2SiX (X¼H, CH3, SiH3, C(CH3)3, NH2 for
Y¼ F; Y¼H, CH3, OH, NH2, SiH3 for X¼H, 1–11) with
distinct diradical character. The singlet states of these
diradicals are predicted to be more stable than the triplet
states with appreciable singlet–triplet (S-T) splittings and
than the bicyclic s-bonded isomers, 1,3-disila-2,4-
digermabicyclo[1.1.0]butanes. The calculated Si . . .Si
distances between two unpaired electrons (2.9–3.6 Å) are
longer than the normal Si—Si single bond.
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ORBITAL PHASE DESIGN


The orbital phase theory has been developed for the cyclic
orbital interactions underlying various chemical phenom-
ena.19,25,30–34 The orbital phase is a crucial factor in
promoting the cyclic orbital interaction. Here, we employ
the orbital phase theory to predict the spin preferences of
ground states of the localized 1,3-diradicals, 1–11.


A diradical has two nearly degenerate singly occupied
orbitals, p and q, on the two radical centers (P and Q in
Fig. 1), respectively. It is possible for the unpaired
electrons of diradicals to interact with each other through
the bonds or through the space. The through-bond
interactions in the singlet and triplet states of localized
1,3-diradicals and p-conjugated diradicals have been
addressed from the view point of the orbital phase
theory.19,25,34 The s-type radical centers interact with
each other through the intervening chain of the s bonds,

Figure 1. Models of singlet and triplet localized silicon-centered


Copyright # 2007 John Wiley & Sons, Ltd.

S1 and S2 (Fig. 1a).25 The bonding s1 and s2 orbitals are
both doubly occupied, and the antibonding s1


� and s2
�


are vacant. The cyclic interaction occurs among the
radical orbitals, p and q, s1 and s2, and s1


� and s2
�


orbitals. The p-type radical centers interact with each
other through another bond, S3 (Fig. 1b). The cyclic
interaction occurs among the p-type radical orbitals,
p and q with s3 and s3


� orbitals.
The orbital phase properties of the 1,3-diradicals


(1–11) are depicted in Fig. 2. The electron-donating
orbitals are denoted by D, while the accepting orbitals are
denoted by A. The effective occurrence of the cyclic
orbital interactions requires the simultaneous satisfaction
of the following conditions: (1) the electron-donating
orbitals (denoted by D–D) are out of phase; (2) the
accepting orbitals (denoted by A–A) are in phase; and (3)
the donating and accepting orbitals (D–A) are in
phase.19,25,30–34 If the orbital phase meet those require-

1,3-diradicals: (a) s-type (b) p-type
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Figure 2. Phase continuity in the (a) singlet s-type and (b) the triplet p-type 1,3-diradical. The solid and dotted lines indicate
in-phase and out-of-phase relations, respectively
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ments, the orbital phase is continuous, implying that the
delocalization takes place effectively. The system is
hence stabilized.


As seen from Fig. 2, the cyclic –p–s1
�–s2


�–q–s2–s1–
orbital interaction satisfies the continuity requirements in
the singlet states of the s-type diradicals (Fig. 2a): the
neighboring orbitals in p(D)–s1


�(A)–s2
�(A)–q(A) are all


in phase while those in the sequence p(D)–s1(D)–
s2(D)–q(A) are all out of phase. The phase is continuous
for the cyclic interaction. Moreover, the radical orbitals,
p(D) and q(A) are in phase. The direct through-space
interaction between the radical centers, that is, the p . . . q
interaction, thermodynamically stabilizes the singlet
1,3-diradicals in addition to the cyclic orbital interactions
through the bonds. The extra-stabilization by the through-
space interaction increases with the shortening of the
distance between the radical centers accompanied by the
puckering of the four-membered rings with significant
GeSiGeSi dihedral angles. In contrast, the cyclic
–p–s3


�–q–s3– orbital interaction is favored by the phase
continuity in the triplet states of the p-type diradicals: in
phase between the neighboring orbitals in p(D)–s3


�(A)–
q(D) and out of phase between those in p(D)–s3(D)–q(D)
for the a-spins (Fig. 2b). The four-membered rings take
planar structures in the p-type diradicals.


The orbital phase theory predicts that the singlet states
of the localized 1,3-diradicals thermodynamically pre-
fer the s-diradicals to the p-diradicals if the interaction
through the bond chain is appreciable. This suggests
that the s-bonds (s1 and s2) should transfer spins to stabi-
lize the singlet diradicals. We choose a heavy atom, Ge, to
connect the Si radical centers since the Si—Ge bonds
have high s orbitals and low s� orbitals. The Ge atom is
larger than the Si atom, keeping the Si radical centers far
from each other not to form a bond, or to increase the
three-membered ring strain of the s-bonded isomers, the
competitors of the singlet diradicals. In fact, the strain
energy (SE) calculated from the homodesmotic35 reac-
tions of cyclic [–SiH2–GeH2–SiH2–] is 39.7 kcal/mol at
the B3LYP/6-31G� level, slightly higher than that
(38.8 kcal/mol) of cyclotrisilane (cyclic-Si3H6). Further-
more, we choose the four-membered ring structures 1–11

Copyright # 2007 John Wiley & Sons, Ltd.

to multiply the through-bond interactions, to destabilize
the transition states of the s-bond formation by the ring
strain, and to strain the s-bonded isomers by the bicyclic
geometries. The substituents Y (¼F, H, CH3, NH2, OH,
SiH3) on the Ge atoms are chosen to stabilize the triplet
states of the p-type diradicals by the phase continuity to
less extent. The fluorine atom was previously19 found to
lower the polarizability of the C—Y bond due to the large
energy gap between the bonding and antibonding orbitals.
Polarizable bonds are expected to promote the cyclic
–p–s3


�–q–s3 interaction to stabilize the triplet states.
Thus, the fluorine atom is suitable for the design of the
stable singlet diradicals.

COMPUTATIONAL DETAILS


All calculations were performed with the Gaussian03
program.36 We have employed the unrestricted density
functional theory (DFT) with B3LYP functional, the
unrestricted second order Møller-Plesset perturbation
theory (MP2), and the complete active space self-
consistent field (CASSCF) method to optimize their
geometries, and to investigate spin preferences and
energy gaps between the lowest singlet and triplet states
(DES-T¼ES�ET) with both the full electron 6-31G� basis
set and the effective core potential (ECP), LANL2DZ, for
Si and Ge. For the silicon-centered 1,3-diradicals, 1–11,
the (6,6) active space was utilized, in which the radical
orbitals, p and p�, and two sets of s and s� orbitals for
Si–Ge backbones were involved. To further include
effects of dynamical correlation, single-point (6,6)CASPT2N
calculations were also carried out at each stationary point
obtained by the (6,6)CASSCF calculations. Such calcu-
lations have been demonstrated to give rather reasonable
predictions on S-T gaps in diradicals.37 UB3LYP and
UMP2 optimized stationary points are demonstrated to be
energy minima by frequency analysis. All the reported
UB3LYP and UMP2 energies are corrected by the zero-
point energies (ZPE). Optimized geometries of the singlet
and triplet states of these diradicals and the s-bonded
isomers at various levels can be found in the Figs 3 and 4,
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Figure 3. The geometries of the lowest singlet (S) and triplet (T) states of the 1,3-diradicals including the cis and trans isomers
optimized at the UB3LYP/6-31G� level
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as well as Figures S1–S5 in Supporting Information. The
corresponding values of DES-S0 (DES-S0 ¼ES�ES0) and
DES-T (DES-T¼ES�ET) at various levels are listed in
Table 1 and Tables S1–S6 of Supporting Information. The
expectation values of <S2> are also given to evaluate the
spin contaminations in unrestricted calculations (Tables
S1–S5 of Supporting Information).

THE SINGLET PREFERENCE


The lowest singlet diradicals 1–11 were found to have
cis-conformations with the Si—X bonds significantly
bent from the four-membered rings (Figure 3). The
radical centers are in conjugation with Si—Ge ring bonds.
The geometrical features indicate that the singlet states
prefer the s-type diradicals to the p-type diradicals as
have been predicted by the orbital phase theory. The
lowest triplet states of 1–7, 10 and 11 have the p-radical
centers at the both Si atoms, which interact with the
Ge—Y bonds rather than with the Si—Ge ring bonds.
This is in agreement with the orbital phase prediction. The
four-membered rings are puckered in the lowest singlet
states (S) of 1–11 (with dihedral angles of 1.4–35.68), and

Copyright # 2007 John Wiley & Sons, Ltd.

are planar in the lowest triplet states (T) of 1–11 (except 8
(30.18) and 9 (28.48)), cf. Fig. 3. The geometries of 8 and
9 imply that these diradicals unexpectedly have the
s-type character on one Si atom and the p-type one on the
other. All the lowest triplet states of 1–11 have
trans-conformations, as expected from the low polariz-
ability of the Ge—Y bonds.


The B3LYP, MP2, CASSCF, and CASPT2 energies of
the lowest singlet (S for the diradicals and S


0
for the


s-bonded isomers) and the lowest triplet states (T) and the
S-T energy gaps, DES-T and DES-S0, of 1–11 are listed in
Table 1. All the singlet diradicals 1–11 are more stable
than the triplet states. The UB3LYP results of DES-T are
close to those obtained by CASSCF calculations. The
CASPT2 results show the more significant singlet
preference for the ground states of diradicals 1–11.


All the diradicals calculated here prefer the four-
membered ring structures to the bicylic s-bonded isomers
(Table 1 and Fig. 4). Within the framework of UB3LYP,
the lowest singlet diradicals of 1–6, 8, 9, and 11 are
predicted to be more stable than the s-bonded isomers,
while we failed to locate the s-bonded isomers of 7 and
10. In fact, the s-bonded isomers of 1–11 have not been
located by the MP2 and CASSCF(6,6) calculations.
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Figure 4. UB3LYP/6-31G� optimized s-bonded (S0) isomers of 1–6, 8, 9 and 11. The Si–Si bond lengths are shown. Energy gaps
(DES-S0) between the lowest singlet (S0) and the s-bonded isomers (S0) of 1,3-diradicals calculated are also given
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The singlet diradical character can be inspected by
the interatomic distance between the radical centers. The
non-bonded radical centers Si . . .Si distances of the
lowest singlet diradicals 1–11 are 3.297 Å (1), 3.355 Å (2),
3.300 Å (3), 3.350 Å (4), 3.622 Å (5), 2.986 Å (6), 2.961 Å
(7), 3.236 Å (8), 3.135 Å (9), 2.954 Å (10), and 3.069 Å
(11), respectively, at the level of UB3LYP/6-31G�. These
non-bonded distances are considerably longer than the
Si—Si bond lengths of known disiliranes (2.27–2.33 Å),26


indicating diradical characters to some extent.

Table 1. Energies of the lowest singlet (S for diradicals and S0 f
corresponding relative energy differences (DES-T) of 1,3-diradica


X Y


DES-S0
a (kcal/mol)


UB3LYP
/6-31G�


UB3LYP
/6-31G�


1 H F �15.67 �21.07
2 CH3 F �11.34 �17.31
3 SiH3 F �12.78 �16.63
4 C(CH3)3 F �10.91 �13.16
5 NH2 F �21.70 �26.60
6 H H �12.48 �23.74
7 H CH3 �25.24
8 H OH �15.88 �24.33
9 H NH2 �15.49 �26.44
10 H SiH3 �20.66
11 SiH3 SiH3 �6.68 �15.35


1 X¼H, Y¼F; 2 X¼CH3, Y¼F; 3 X¼ SiH3, Y¼F; 4 X¼C(CH3)3, Y¼F; 5
X¼H, Y¼NH2; 10 X¼H, Y¼SiH3; 11 X¼CH3, Y¼ SiH3 calculated by the UB
LANL2DZ basis set. The energies ES, ES0, and ET are given in Tables S1–S3 of
aDES-S0 ¼ES�ES0.
bDES-T¼ES�ET.
c CASSCF(6,6)/6-31G�, CASPT2(6,6)/6-31G�.


Copyright # 2007 John Wiley & Sons, Ltd.

SUBSTITUENT EFFECTS IN DIRADICALS


The substituent effects on the geometries are also
investigated in the lowest singlet and triplet diradicals,
as shown in Fig. 3 with the different substitution X on Si
atoms (X¼H (1), CH3 (2), SiH3 (3), C(CH3)3 (4), NH2


(5)). The four-membered ring structures of the diradicals
1–5 are puckered in the singlet states and planar in the
triplet states. But when we consider the different
substitution Y on Ge atoms (Y¼H (6), CH3 (7), OH (8),

or s-bonded isomers), the lowest triplet states (T), and the
ls


DES-T
b (kcal/mol)


UB3LYP
/LANL2DZ


UMP2
/LANL2DZ


CASSCFc


/6-31G�
CASPT2c


/6-31G�


�11.61 �9.77 �18.61 �24.03
�8.88 �3.98 �14.65 �26.61
�6.77 �9.80 �14.18 �24.09
�7.78 �4.55 �11.57 �21.38
�21.47 �25.60 �21.12 �28.62
�17.17 �22.10 �28.45 �23.74
�19.45 �23.66 �30.57 �25.24
�15.82 �25.29 �24.91 �24.33
�19.28 �20.99 �30.59 �26.44
�16.91 �19.90 �26.32 �20.66
�13.04 �15.23 �22.70 �15.35


X¼NH2, Y¼ F; 6 X¼H, Y¼H; 7 X¼H, Y¼CH3; 8 X¼H, Y¼OH; 9
3LYP, UMP2, (6,6)CASSCF, and (6,6)CASPT2 methods with the 6-31G� or
the Supporting Information.
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NH2 (9), SiH3 (10 and 11)), the four-membered ring
structures of 8 and 9 are puckered both in the singlet and
triplet, while the others are puckered in the singlet but
planar in the triplet.


As shown in Table 1, the NH2 groups on the radical
centers stabilize the singlet diradical. The high-lying lone
pair orbitals on the nitrogen atoms raise the energies of
the radical orbitals to promote the p–s3


�–q interaction,
weakening the p–s3–q interaction (Fig. 1). Thus, the lone
pairs adjacent to the radical centers like 5 stabilize singlet
diradicals.


In summary, the singlet preference is appreciable for
diradicals 1–11 with the four-membered ring structures.
We hope these results may be helpful to prepare some
novel diradicals with singlet preference.

CONCLUSIONS


The orbital phase theory has been applied to the design of
a new type of stable diradicals, or the silicon-centered
localized 1,3-diradicals, XSi(GeY2)2SiX (1–11). The
singlet preferences of 1–11 have been demonstrated by
B3LYP, MP2, and CASPT2/CASSCF calculations. The
most stable singlet diradicals are the s-diradicals where
the radicals interact with each other through the Si—Ge
bonds in the four-membered rings. The most stable triplet
diradicals are p-diradicals where the radicals interact
with each other through the Ge—Y bonds.
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ABSTRACT: Vapor deposition method was used to obtain nanocrystals of N-(3,5-di-tert-butylsalicylidene)-4-
aminopyridine (1) and N-(3,5-di-tert-butylsalicylidene)-4-iodoaniline (2), and nanoscale thin layers (65 nm thick)
of cis-1,2-dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene (3). Compound 3 was also deposited on a substrate
previously covered by gold nanoparticles (Ø¼ 100 nm). Nanoscale crystals of 1 and 2 showed similarities with
bulk crystals: they exhibit photochromic properties and they have similar shapes according to Atomic force
microscopy (AFM) investigations. The thin layers of 3, with and without gold nanoparticles, showed light-induced
absorption change in the visible. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: photochromism; hybrid materials; nanomaterials; vapor deposition; gold nanoparticles

INTRODUCTION


Light-induced color changes in organic compounds have
been discovered more than a century ago.1 Despite such
an old history, many research groups are still actively
working on this phenomenon, called photochromism.2


This category of molecules has been used in daily life as
switchable devices, for example in variable transmittance
lenses.3 In the 21st century, other applications are targeted
(e.g., in information technology), based on the fact that
switching occurs at a molecular scale (Scheme 1).4


Indeed, if addressing individual molecules is possible, it
can be a considerable gain in terms of miniaturization and
switching rate. With the progress of nanotechnology,
photochromic molecules will certainly play an important
role in the coming years.


However, to progress toward such directions, (i) reli-
able techniques to produce nanoscale materials, and
(ii) accurate methods to probe the material’s state, are
required. Nowadays, several techniques to fabricate
nanocrystals and nanoscale thin layers exist, such as
spin-coating, reprecipitation method,5 crystallization

to: K. Nakatani, PPSM, ENS Cachan, CNRS, Uni-
esident Wilson, F-94230 Cachan, France.
@ppsm.ens-cachan.fr
: Materials Research Center, K.U. Leuven, Celestij-
3001 Heverlee, Belgium.
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combined with sol–gel method,6 laser ablation,7 and
vapor deposition.8 Such techniques were exploited to
fabricate nanoscale photochromic materials.9 Absorption
measurement is the usual way of probing the photo-
chromic system. However, one question arises: what is the
minimal amount of material required to detect switching?
Besides exploring the limits of absorption measurements,
much research effort deals with more sensitive detection
techniques to follow switching, which involve fluor-
escence,10 Raman scattering,11 plasmon resonance.12


Our work belongs to this latter field. We fabricated
nanocrystals and nanoscale thin layers of photochromes
by vapor deposition on a glass substrate. Photo switch-
ing between the two states of the photochromes was
investigated by absorbance measurements in the UV-
visible range. The compounds we report in this paper are
two anils (salicylidene-aniline and related compounds),
N-(3,5-di-tert-butylsalicylidene)-4-aminopyridine (1),13


N-(3,5-di-tert-butylsalicylidene)-4-iodoaniline (2),14 and a
diarylethene (3)15 (Scheme 1). The first two compounds,
fully characterized (crystallographic structure and photo-
chromic properties) in preceding works, were chosen
because of their ability to yield photochromism in the
bulk state with very limited thermal back reaction.13,14,16


Their nanostructures are very similar to bulk ones.
Nanoscale thin layers of compound 3 are photoactive.
This compound was also deposited on substrates
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Scheme 1. Photochromic reactions involving the investigated compounds 1, 2, and 3
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previously covered by gold nanoparticles, in order to
investigate possible mutual influence between the
photochrome’s state and the plasmon.

EXPERIMENTAL


Sample preparation


Organic compounds. The syntheses of the first two
compounds 1 and 2 have been described previously.13,14


Compound 3 is commercially available (B1536 obtained
from TCI, Japan).


Preparation of the substrates. (i) Free glass sub-
strate: Microscope glass substrates (Roth; 25 mm�
25 mm� 1 mm) were first carefully cleaned in a water/
surfactant ultrasonic bath for 30 min, washed in distilled
water, and sonicated in ethanol for 30 min. They were
dried for 2 h at 80 8C and finally treated into a plasma-
cleaner (Harrick PDC-002) to remove organic traces prior
to deposition; (ii) Substrate covered by gold nanoparti-
cles:17 Microscope glass substrates (Micro Slide Glass,
Matsunami) were cleaned in a 1:1 solution of methanol
and HCl for 30 min, washed extensively with distilled
water, and dried overnight at 60 8C. The cleaned glass
substrates were immersed in a 10% solution of 3-amino-
propyltriethoxysilane (Nakalai Tesque) in anhydrous
ethanol for 15 min, rinsed in ethanol with sonication,
and dried at 1208C for 3 h. Gold nanoparticles (mean
diameter: 100 nm) were dispersed and fixed on the
3-aminopropyltriethoxysilane modified glass substrate by

Copyright # 2007 John Wiley & Sons, Ltd.

adsorption from droplets of the colloidal solution (com-
mercially available from British Biocell: EMGC100).
The droplets were left on the substrate for about 10 min at
room temperature and they were washed away with
distilled water and dried with nitrogen.


Vapor deposition method. The deposition of thin
films was carried out using a Leybold vacuum chamber.
The pure organic powder obtained from the synthesis was
introduced in the crucible (10 mm diameter by 25 mm
long quartz cylinder). Various amounts of organic
compounds were used: from several hundreds of
milligrams for the �10mm thick films, down to a few
milligrams for the nanoscale fabrication. The content of
the crucible was heated to be pre-melted at atmospheric
pressure, and let to reach room temperature before
starting the deposition process. The crucible was heated in
the furnace by means of tungsten filament at a rate of
108C min�1 (from 25 to 1208C). The temperature was
controlled by a thermocouple. The deposition pressure
(1–2� 10�5 mbar) was fixed by the exhaust vacuum
system. Organic molecules were condensed from the
vapor phase onto a substrate positioned behind a
mechanically operated shutter. Growth rate was mon-
itored in situ by a piezoelectric quartz crystal micro-
balance.

Sample characterization


Atomic force microscopy (AFM). Topographic
images and section profiles of the deposited samples
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were performed using an Explorer AFM (Veeco) in
ambient atmosphere. The scanner allowed 100mm
displacement in X and Y directions corresponding to
the substrate plane, and up to 8mm in Z direction. The
characterization was obtained in tapping mode using a
silicon non-contact probe (tip radius< 15 nm). The
precision of the measurement is �2 nm in the Z-axis.
Partially hidden substrates were used in order to compare
the deposited material with blank areas (thickness
determination and eventually dirt identification).


Optical profilometry. The macroscale films (thick-
ness between 1 up to 10mm) were characterized by an
UBM Messtechnik GmbH optical profilometer with an
accuracy of �500 nm in the Z-axis. The thickness was
estimated by comparing the step height between the blank
area of the substrate, protected during deposition, and the
organic compound.


Absorption spectroscopy. Absorption spectra of thin
films were performed on a double beam Varian Cary 5
spectrophotometer equipped with a home-built mechan-
ical mounting which allows to control angular position
with respect to the probe light.


Irradiation experiments. Photochromic reaction was
induced in situ by a Hg/Xe lamp (Hamamatsu, LC6

Figure 1. Atomic force microscopy of compound 1 deposited
heterogeneously size-distributed crystals. Two sub-populations of
crystals (area A) or other shapes (area B), and small spot-like nanop
sizes of the observed crystals in region A; (b) Two images from are
small nanoparticles were recorded with higher magnifications. Ima
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Lightningcure, 150 W) equipped by filters of appropriate
wavelengths.

RESULTS AND DISCUSSION


Salicylidene-aniline nanocrystals


Vapor deposition fabrication and AFM study.
Vapor deposition experiments were first performed with
the two salicylidene-aniline compounds 1 and 2. This
general procedure (see Experimental Section) allowed a
very thin and reproducible coverage of the whole
substrate. Figure 1 displays the AFM images recorded
on a vapor deposited sample of compound 1. Two
sub-populations of crystals are basically observed, some
areas containing relatively large sized objects [Fig. 1(a)],
and some others showing very small nanoparticles
[Fig. 1(b)]. This behavior is especially underlined in
Fig. 1(a). Most of the large crystals were identified as
‘needle’-shaped [see A in Fig. 1(a)], which is in good
agreement with the macroscopic crystal shape of this
compound.13 Therefore, we can assume that the crystal-
line state is achieved by the deposition. The dimensions of
all these larger crystals are typically comprised between
the micro- and the nanoscale: as shown in the profile,
most of them are 1–5mm long along the needles axis and

on a glass substrate. (a) The surface is covered by very
particles are observed: large objects such as ‘needle’-shaped
articles (dark area C). The horizontal profile shows the typical
as similar to region C containing homogeneous dispersion of
ge profile allows accurate size determination along the Z-axis
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have a 100–300 nm cross-section. Nevertheless, other
kinds of shapes were also eventually observed [see B in
Fig. 1(a)]. On the other hand, in some other locations,
quite smaller crystals are also noticed. Such an example is
shown in Fig. 1(a) (see region C). When zooming in such
areas, a very homogeneous dispersion of nanoparticles
was recorded as presented in Fig. 1(b). The sizes of such
small spot-like objects were well-characterized by AFM.
Image profiles [e.g., Fig. 1(b)] provide accurate measure-
ments of their size in the Z-dimension (10–15 nm), and
estimated values in the X/Y-dimensions (15–30 nm). The
shape of these particles is mainly isotropic, with no
evident favored direction of growth. All these obser-
vations were carefully checked to be reproducible.


Vapor deposited samples of compound 2 resulted in
completely different outputs. With the same introduced
amount as for compound 1 (a few milligrams), the surface
of the glass substrate was covered by a distribution of
medium-sized crystals. As illustrated in Fig. 2 (images
and corresponding horizontal profile), the crystals sizes
were characterized by AFM. Most of the crystals are in
the 100–500 nm range (short axes) and 1–5mm (long
axis), with a parallelepiped shape. Once again, the very
comparable basic shapes of these crystals with the
macroscopic block crystals obtained by slow crystal-
lization in solvent are a strong indication of the crystalline
state of these deposited materials.14 Moreover, all the
recorded AFM images (cf. Fig. 2 as an example) suggest
that the long axis of the crystals is locally aligned along a

Figure 2. Atomic force microscopy of compound 2 depos-
ited on a glass substrate. The surface is covered by a
distribution of medium-sized crystals. The parallelepiped
shape of the crystals is well-characterized by the AFM
pictures at different magnifications and horizontal profile:
sizes are comprised between 100–500 nm cross-section and
1–5mm length
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preferred direction, which could indicate the crystal
growth direction.


Although all the experimental parameters were
identical and well-controlled in the vacuum chamber
(pressure, temperature increase rate, compound and
substrate preparation), the morphology is different
between compounds 1 and 2. Despite their chemical
structure similarity, the affinity of the molecules to the
substrate, the melting point, and the crystalline structure
are different for compounds 1 and 2. Moreover,
compound 2 shows a polymorphism.14 The obtained
deposition depends on all these factors. Consequently the
vapor depositions yield different crystal sizes and shapes.


Spectroscopic and photochromic studies. In order
to investigate the photochromic behavior of the micro-
and nanocrystals presented above and compare their
properties to the macroscopic solid state level, we
performed vapor deposited thin films with larger amounts
of organic compounds. We used 70 mg (resp. 100 mg) and
170 mg (resp. 220 mg) of compound 1 (resp. 2) to make
thin films with thicknesses in the range of �1 and
�10mm, as determined by optical profilometry.


In ethanol solution, compounds 1 and 2 exhibit
absorption bands in the 260–410 nm region, with maxima
located at 289 and 362 nm for 1, and 281, 315, and 368 nm
for 2. The corresponding keto photoisomers, obtained
upon UV irradiation of the original enol forms, undergo a
fast thermal back reaction in the microsecond range,18


which prevents any steady-state observation of the
colored form of these compounds in solution. Never-
theless, in the solid state, the photoisomers are much more
stable13,14 and photocoloration of the materials can be
easily induced under continuous UV light. The differen-
tial absorption spectra of deposited samples of compound
1 upon UV irradiation with different thicknesses are
shown in Fig. 3(a). The photocolored stationary state was
reached within a few minutes of irradiation and displays
an absorption band centered at 472 nm for the deposited
solid film of the largest thickness, which is typical of
salicylidene-anilines. Unsurprisingly, this steady-state
red color was strongly attenuated, but still measurable,
with the thinner film (�1mm thick) and even more for the
sample of 1 described in the AFM study above. These
transformations are reversible. So the photochromic
properties of compound 1 are successfully preserved at
the micro- and nanoscales. However, this absorption band
tends to be red-shifted when the thickness decreases
[Fig. 3(a)]: the maximum is located at 518 nm for the two
samples of the smaller sizes. Such a spectral red-shift
could be tentatively attributed to stronger interface
interactions with the substrate, which could induce a
change of the conformation of the keto form. Fig. 3(b)
displays the corresponding differential absorption spectra
of compound 2. In this case, no red-shift was detected.
Unfortunately, no direct evidence of the photochromic
properties was observed for the nanoscaled depositions,
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Figure 3. Differential absorption spectra obtained from vapor deposited photochromic samples of compounds 1 (a) and 2 (b),
before and after continuous UV irradiation. Irradiation wavelength was set to 405 nm (A–B) or 365 nm (C). (A) and (B): film
thickness �10 and �1mm, respectively. (C): deposited micro- and nanocrystals
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due to unfavorable signal-to-noise, scattering, and wave-
guide effects when recording the absorption spectra.
Nevertheless, a very slight and reversible change of the
absorption spectra occurs and is a good indication that
compound 2 is still photoactive in nanoscale crystals.

Figure 4. Atomic force microscopy of a thin layer of com-
pound 3 vapor deposited on simply cleaned glass substrate.
Inset: aggregated crystals obtained when the organic pre-
cursor was not pre-melted in the crucible. Section profiles (A)
and (B) present the typical sizes of the surface depositing

Nanometer-scale thin layers


Deposition on glass substrate. The same exper-
imental procedure as for compounds 1 and 2 was used for
the diarylethene compound 3, in order to make very thin
vapor depositions of photochromic materials on a glass
surface. Since the result strongly depends on the
procedure, careful preparation of the sample is essential.
On one hand, when compound 3 was directly sublimated
without further pre-melting in the crucible, the deposition
produced large and aggregated crystals dispersed on the
surface [Fig. 4, inset]. The resulting glass plate is
typically opaque. Section profile A in Fig. 4 points out the
heterogeneously distributed sizes of the deposited
materials, which range from 100 nm up to about 1mm.
On the other hand, when the organic precursor was
properly pre-melted and cooled down to room tempera-
ture before vapor deposition, a very homogeneous thin
film was successfully obtained, as characterized by the
main AFM image in Fig. 4. The thickness of such a film
was accurately measured by AFM to be 65� 5 nm on a
quite large area (several 103–104mm2 areas have been
scanned). In this case, the transparency and the flatness on
a long- range of the thin nanometer-scaled layer denote
the amorphous state of the organic deposition. The
photochromic properties of the thin layer were then
examined and absorption spectra were recorded before
and after light irradiation at 405 nm [Fig. 5(a) and (b)].
The inset in Fig. 5 presents the spectral change upon UV

Copyright # 2007 John Wiley & Sons, Ltd.

irradiation (curve h). This differential spectrum has the
same shape as that of chloroform solution or that of a
thick sample obtained from melt between two cover
glasses (average thickness �10mm deduced from weight,
area, and estimated density; curve f ). In spite of the low
intensity of the induced pink color, the absorption
change is still detectable by conventional spectroscopy
and perfectly reversible when irradiated at 532 nm. As a
conclusion, we succeeded in producing a vapor
deposited organic nanolayer (�65 nm) with photochro-
mic properties.
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Figure 5. Absorption spectra of amorphous nanometer-
sized thin films. Compound 3 before (a) and after (b) UV
irradiation. Hybrid nanolayers before (d) and after (e) UV
irradiation. Inset shows differential spectra: (h)¼ (b)� (a)
and (g)¼ (e)� (d). Absorption spectrum of gold nanoparti-
cles deposited on a modified glass substrate (c), and differ-
ential spectrum of a �10mm-thick film prepared by the
melting technique (h) are given for comparison. UV irradia-
tion: 1 min at 405 nm
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Deposition on substrate covered by gold
nanoparticles. Figure 6 presents the AFM image of
compound 3 deposited as a thin amorphous layer on a
gold-covered substrate. The thickness of the hybrid thin
film (�100 nm) was adjusted to the gold particles

Figure 6. Atomic force microscopy of a modified glass
substrate bearing gold nanoparticles covered by a nanolayer
of compound 3. Inset: gold nanoparticles distributed on the
substrate before vapor deposition of 3. Section profiles (A)
and (B) display the sample topography before and after the
deposition
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diameter [section profiles in Fig. 6]. Therefore, the vapor
deposition was sufficient to cover the whole metallic
assembly and yielded a rather homogeneous hybrid
nanolayer. The characteristic absorption band of com-
pound 3 appears in the UV region [below 430 nm, curves
d and e in Fig. 5]. The effect of the organic material on the
local surface plasmon resonance of the gold nanoparticles
is also mentioned in Fig. 5. This band is enlarged and its
maximum is red-shifted up to 565 nm after deposition of
compound 3. This is interpreted within the context of
refraction index change of the surrounding material.
Actually, the organic layer induces an increase of the
medium’s index, leading to a red-shift of the plasmon
band.19 The absorption spectrum of the hybrid nanolayer
upon irradiation at 405 nm is displayed in Fig. 5(e). The
shape of the corresponding differential spectrum shown in
Fig. 5(g) is comparable to the photochromic thin films
without gold nanoparticles [Fig. 5 (f, h)]. We can deduce
that the absorption change upon UV irradiation is
essentially due to the colored state of compound 3. Even
though we could not observe any change of the plasmon
resonance band upon UV irradiation, the color change
was observed to be higher in the case of the hybrid
nanolayer [Fig. 5(g)] compared to the simple deposition
of compound 3 [Fig. 5(h)]. At the present stage, several
hypotheses are conceivable and we cannot fully explain
the exact mechanism of the phenomenon. Since we
irradiated in the UV region, which is far from the local
surface plasmon resonance peak (580 nm) of the gold
nanoparticles, electromagnetic enhancement effects due
to the plasmon resonance are not expected. Further
experiments are in progress in order to distinguish
between plasmon enhancement effects, quenching of
excited states by the gold nanoparticle, and modification
of the photochromic quantum yields near the metal
surface.


CONCLUSION


Photochromic nanoscale materials were prepared by
vapor deposition method. By tuning the experimental
conditions, we obtained different nanoscale structures.
We demonstrated that photochromism is preserved in
hybrid nanomaterials, and this stimulates further inves-
tigations on the effects of nanoscale interactions.
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ABSTRACT: The effect of pressure on the Diels–Alder reaction was examined in room temperature ionic liquids,
followed by high-pressure FT-IR spectroscopy using pressures up to 150 MPa. Pressure enhances the kinetic
sensitivity of the reaction. The kinetic effect of fluorophobic interactions was examined using ionic liquids with
fluorous cations. Ionic liquids in combination with ZnI2 as a Lewis acid catalyst were also studied under high pressure.
Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Organic synthesis under high pressure is valid where the
activation volume,DV6¼, is negative, providing its absolute
magnitude sufficiently large (DV6¼<�15 cm3 mol�1),1


influencing a reaction by (i) accelerating the reaction, (ii)
modifying regioselectivity and diastereoselectivity, and
(iii) by causing changes to the chemical equilibrium.2 The
effect on chemical equilibrium and rates of reaction may
be determined by the relationship between pressure and
the Gibbs’ enthalpy of reaction and activation, Eqn (1).


DV ¼ @DG


@p


� �
T


¼ � @ lnKp


@p


� �
T


�RT


DV 6¼ ¼
�
@DG 6¼


@p


�
T


¼ � @ ln kp


@p


� �
T


�RT
(1)


where DV, DV6¼are volumes of reaction and activation; Kp


is equilibrium constant at pressure p; kp is rate constant at
p; DG, DG6¼ are Gibbs enthalpy and Gibbs enthalpy of
activation.


The activation volume of a reaction is determined from
the pressure dependence of the formation rate constant
(kf) and is a measure of the partial molar volume of the
transition state with respect to the partial molar volumes
of the reactants. The volume of reaction corresponds to
the difference between the partial molar volumes of
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reactants and the products and is usually determined
experimentally.3


High-pressure kinetics is a useful tool for the
determination and the assessment of the mechanism of
a reaction.1 The volumes of activation deduced by such
kinetic measurements are an indicator of the position of
the transition state. However, DV6¼ does not result
exclusively from volume modifications induced by the
bond transformation, rather, it encompasses all the
volume changes that occur during the progression of
the reaction from the initial state, to the transition state,
and within the transition state.4 The activation volume
DV6¼, Eqn (2), results from two main volume effects: first,
intrinsic part (DV6¼


intr) results from the formation or
cleavage of bonds, and second, a solvation contribution
(DV6¼


solv) describing solvent effects on equilibria and
rates under pressure.5


DV 6¼ ¼ DV
6¼
intr þ DV


6¼
solv (2)


The Diels–Alder reaction is one of the most important
carbon-carbon bond forming reactions used to prepare
cyclic structures, usually affording a mixture of isomers
with the selectivity (and reaction rate) being solvent
dependent. It is a prototypical high-pressure reaction, and
has been extensively studied under pressure, because it
shows a strong pressure-induced acceleration.2,6 It is
sometimes inhibited by the low reactivity of reagents,
diene and dienophile, and/or instability of both reagents
and cycloadducts under thermal or Lewis acid catalyzed
conditions. Considerable improvements have often been
made in these cases, but mostly under extreme conditions,
viz. pressures up to 1500 MPa (sometimes in combination
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with high temperatures and/or the presence of catalysts).2


The pressure effect on cycloaddition reactions has been
widely explored in organic solvents,1,7 aqueous solutions8


and fluorous media,9 and the influence of ionic liquids on
the Diels–Alder reaction under high pressure has been
mentioned in a review.10


Ionic liquids represent an interesting class of solvent in
which to conduct Diels–Alder reactions, since they are
polar and have no vapor pressure, potentially leading to
high selectivities with the added advantage of facile
product separation. A number of Diels–Alder reactions
have been conducted in ionic liquids under ambient
pressures11–16 as well as reactions in the presence of
Lewis acid catalysts.13,14,17–19 From these studies it
would appear that the selectivity of Diels–Alder reaction
is dependent on the hydrogen bond donor capacity of the
ionic liquids that can stabilize the transition state, with
long substituents on the cation leading to lower
selectivities and strong electrostatic associations between
the ionic liquid ions resulting in a lower interaction
between the ionic liquid and the transition state. In
addition, p-orbital overlap promoted by a low energy
LUMO and decrease in the presence of a low energy
HOMO on the ionic liquid cation appear to promote the
interaction between the transition state and the ionic
liquid indicating that all type of interactions contribute
towards the observed selectivity.


In this paper we investigate the influence of pressure on
the Diels–Alder reaction in ionic liquids. An ionic liquid
with a fluorous cation has been synthesized in order to
study fluorophobic effects on the reaction, and the
influence of the Lewis acid catalyst ZnI2 in ionic liquids
has also been studied under pressure.

RESULTS AND DISCUSSION


The Diels–Alder reaction of cyclopentadiene with two
different dienophiles, methyl acralyte or acrolein
(Scheme 1) in series of [Tf2N]� based ionic liquids
using pressures up to 150 MPa have been investigated.

X


X=COOCH3, CHO


+


endo


IL
0-150 MPa


N
OH N


OH


1 2


N NN N C4F9
C6


5 6


Scheme 1. Diels–Alder cycloadditions studied a
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Reactions were followed in situ by high-pressure IR
spectroscopy and the reaction profiles were evaluated
using Eqn (3) (further details are provided in supple-
mentary information). Only an overall rate could be
calculated from the spectroscopic data and therefore the
selectivity was determined after reaction by 13C NMR
spectroscopy.


� d A½ �
dt


¼ A½ �t� B½ �t�k (3)


where [A]t is dienophile conectration; [B]t is cyclopen-
tadiene concentration; k is rate constant.


Preliminary experiments were conducted using the
cation
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethylammonium 1,
chosen because it had a prominent influence on the
rate and the selectivity of the reaction at ambient
pressure, due to the presence of a hydrogen bond donor
moiety.16 The reaction between cyclopentadiene and
methyl acrylate was followed in 1[Tf2N] at different
pressures and at different molar ratios of ionic liquid to
substrate (Table 1).


Irrespective of the conditions used, viz temperature or
concentration, the increase in the rate constant induced by
pressure is similar. Since the reactions at 25 8C were
relatively fast further reactions were monitored at 5 8C. The
effect of pressure was studied at pressures between 0.1 and
150 MPa (Table 2). Pressure-induced acceleration of the
reaction is greatest in 1[Tf2N] and least in 4[Tf2N].
The reaction rate and the pressure effect in dichloromethane
are lower than that observed in the ionic liquids, whereas
ethanol is superior to the ionic liquids in both these respects.
Table 2 lists the rate constant ratios, calculated volumes of
activation and u values (u ¼ DV


6¼
25 : DV25, where


DV25¼�33.5 for the reaction between cyclopentadiene
and methylacrylate, and DV25¼�42.95 for the reaction
between cyclopentadiene and acrolein).20


Volumes of activation (DV6¼) were deducted from k
values plotted against pressure (Fig. 1) and extrapolated
using the El’yanov equation at 25 8C (Table 2, footnote c).
ln k shows a linear dependence with pressure up to

X
X


+
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N N
N


3 4
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nd ionic liquid cation structures employed.
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Table 1. Rate constants for the reaction of cyclopentadiene with methyl acrylate in 1[Tf2N] ionic liquid at 0.1 and 100MPa
under various conditions (mol ratio of ionic liquid:methyl acrylate¼1:1 or 10:1)


p [MPa]


25 8C Mol ratio 1:1 5 8C Mol ratio 1:1 5 8C Mol ratio 10:1


ka� 106 s ka� 106 s ka� 106 s


0.1 88.0 �0.5 21.9 �0.2 18.0 �0.3
100 238.1 �0.8 60.2 �0.6 46.2 �0.4


a In [M�1 sec�1], standard deviation at the 95% confident level.


Table 2. Effect of pressure on rate constants for the reaction between cyclopentadiene and methyl acrylate or acrolein at 5 8C,
rate constant ratios, volumes of activation, and u values


Solvent Substrate


0.1 [MPa] 50 [MPa] 100 [MPa] 150 [MPa]


k100/k0.1 DV
6¼
5


b DV
6¼
25


c uka� 106 s ka� 106 s ka� 106 s ka� 10 s


1[Tf2N] Methyl
acrylate


21.9 �0.2 39.1 �0.2 60.2 �0.6 88.3 �0.3 2.7 �23.4 �25.7 0.8


2[Tf2N] Methyl
acrylate


19.6 �0.1 31.0 �0.5 50.5 �0.3 71.0 �0.5 2.6 �22.5 �24.7 0.7


3[Tf2N] Methyl
acrylate


16.9 �0.2 27.3 �0.3 41.3 �0.2 57.2 �0.4 2.4 �20.6 �22.6 0.7


4[Tf2N] Methyl
acrylate


15.2 �0.6 19.0 �0.4 28.1 �0.7 44.0 �0.4 1.9 �15.3 �16.8 0.5


CH2Cl2 Methyl
acrylate


9.3 �0.7 18.2 �0.5 2.0 �14.6 �16.1 0.5


EtOH Methyl
acrylate


22.6 �0.6 88.7 �0.8 4.0 �31.7 �34.7 1.0


1[Tf2N] Acrolein 209 �1 432 �2 604 �2 1190 �14 2.9 �24.6 �27.0 0.6
2[Tf2N] Acrolein 182 �1 393 �4 501 �3 1111 �12 2.8 �23.4 �25.7 0.6
3[Tf2N] Acrolein 73 �1 136 �3 194 �3 354 �4 2.7 �22.6 �24.8 0.6
4[Tf2N] Acrolein 71 �1 111 �2 185 �4 326 �5 2.6 �22.2 �24.3 0.6
CH2Cl2 Acrolein 47 �1 131 �2 2.6 �23.4 �25.6 0.6
EtOH Acrolein 136 �1 683 �3 5.0 �37.4 �41.0 1.0
5[Tf2N] Methyl


acrylate
23.3 �0.6 47.2 �0.4 2.0 �16.4 �18.0


6[Tf2N] Methyl
acrylate


12.3 �0.1 24.7 �0.4 1.9 �15.4 �16.1


7[PF3(C2F5)3] Methyl
acrylate


19.2 �0.3 29.2 �0.6 1.5 �9.7 �10.7


a In [M�1 sec�1] and the standard deviation is at the 95% confident level.
b In [cm3 mol�1] determined from the pressure dependence of the rate constant at 5 8C, precision of DV 6¼ values is estimated to be �0.5 cm3 mol�1.
c Determined from the extrapolated dependence from DV


6¼
T using the El’yanov equation DV


6¼
25 ¼DV


6¼
T /[1þ 4.43� 10�3 K�1 (T-25 8C)].27,28


150100500
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2
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Figure 1. Plotted ln k values against pressure for the reac-
tion between cyclopentadiene and methyl acrylate in differ-
ent ionic liquids (goodness of fit, R> 0.99 was observed in all
cases)


Copyright # 2007 John Wiley & Sons, Ltd.
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150 MPa allowing the activation volumes to be estimated.
Calculated u values for the ionic liquids are lower than
unity, indicating the transition state is not rigid and is
poorly ordered,4 which most likely is attributable to a
weakening of the concertedness of the reaction, possibly
due to steric hindrance from the ionic liquid components.
Although these data suggest that the transition state is not
well defined, there is some ordering, as indicated by the
difference in the calculated activation volumes, between
1[Tf2N] and 4[Tf2N], DDV 6¼ ¼ 9� 0.5 cm3 mol�1 for the
reaction of cyclopentadiene and methyl acrylate, and
DDV6¼ ¼ 3� 0.5 cm3 mol�1 for the reaction between
cyclopentadiene and acrolein (lower because the reaction
rates are higher with acrolein).21 Overall, the high-
pressure trends follow those observed at ambient
pressure.
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Table 3. Effect of pressure on the endo:exo selectivity of the reaction between cyclopentadiene andmethyl acrylate or acrolein
at 5 8C in different ionic liquids


p [MPa] Substrate 1[Tf2N] 2[Tf2N] 3[Tf2N] 4[Tf2N] 5[Tf2N] 6[Tf2N] 7[PF3(C2F5)3]


0.1 Methyl acrylate 5.6 5.2 4.3 4.2 4.6 (4.1)a 4.5 (3.9)a 3.5
50 Methyl acrylate 5.8 5.4 4.5 4.3
100 Methyl acrylate 6.0 5.5 4.6 4.5 5.2 5.0 4.0
150 Methyl acrylate 6.2 5.7 4.8 4.7
0.1 Acrolein 6.0 5.6 4.6 4.4
50 Acrolein 6.2 5.8 4.7 4.5
100 Acrolein 6.4 5.9 4.9 4.7
150 Acrolein 6.6 6.1 5.1 4.8


Yields in all the reactions exceed 95%.
a Selectivity obtained when an alkyl chain the same length as the fluorous chain was used.16
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Pressure influences selectivity due to secondary orbital
interactions which induce a larger contraction of the
volume of the endo transition state.22,23 The change in
endo:exo selectivity with pressure reveals only a modest
improvement (Table 3).


Highly fluorinated (fluorous) solvents give rise to large
negative volumes of activation for the Diels–Alder
reaction.24 Although fluorophobic interactions decrease
with increasing pressure, many reactions are activated by
pressure in fluorophobic media.9 Thus, the effect of
pressure on the Diels–Alder reaction conducted in the
fluorous ionic liquids 5[Tf2N] and 6[Tf2N] (Scheme 1),
prepared according to a modified literature protocol,25


was investigated. An ionic liquid with a large perfluori-
nated anion was also studied since it has been shown to be
somewhat fluorous-like in nature.26 In 5[Tf2N] the rate
constant at ambient pressure is higher than in the other
ionic liquids, approximately equivalent to ethanol. In
6[Tf2N] and 7[PF3(C2F5)3] the rate constants are similar
to the other ionic liquids. In contrast to fluorous molecular
solvents activation volumes are less negative (Table 2)
and changes in endo:exo selectivity remain small
(Table 3).


Pressure effects on the Diels–Alder reaction between
cyclopentadiene and methyl acrylate in 3[Tf2N] in the
presence of the Lewis acid catalyst ZnI2 (0.2 mol%)
was investigated (Table 4). The experimentally deter-
mined activation volume in the presence of ZnI2

Table 4. Effect of pressure on rate constants and selectivities for t
containing ZnI2


p [MPa]


3[Tf2N] (0.2 mol% ZnI2)


ka� 106 s endo:exo rati


0.1 23.1 �0.3 5.4
50 45.0 �0.5 5.6
100 67.3 �0.4 5.8
150 101.0 �0.7 6.0


a In [M�1 sec�1], the standard deviation is at the 95% confident level.


Copyright # 2007 John Wiley & Sons, Ltd.

[DV
6¼
25 ¼�27.1 cm3 mol�1] is 4.5 cm3 mol�1 more nega-


tive than with no catalyst, and the calculated u value
[0.81] is closer to unity, indicating a progression of the
transition state along the reaction coordinates. Indeed,
both the reaction rate and selectivity of the reaction
increase slightly in the presence of ZnI2.

CONCLUSIONS


From this study we are able to show how at the high
pressure ionic liquids follow those trends observed at
ambient pressure. Higher reaction rates and selectivities
are obtained in the N-alkyl-N-(2-hydroxyethyl)-N,
N-dimethylammonium liquids where hydrogen bond
donor moieties are separated somewhat from the center
of charge on the cation, although as the length of an alkyl
chain on the ionic liquid cation increases the reaction
rates and selectivities decrease, presumably due to steric
interactions between the transition state and the cation.
Ionic liquids are superior solvents to polar ones such as
dichloromethane, but less effective than polar protic
alcohols, the activation volume in all the ionic liquids
studied was less negative than that of ethanol. Modest
improvements in selectivities and rate constants are
observed in the presence of fluorous groups, either on the
cation or on the anion.

he reaction of cyclopentadiene andmethyl acrylate in 3[Tf2N]


3[Tf2N]


o ka� 106 s endo:exo ratio


16.9 �0.2 4.3
27.3 �0.3 4.5
41.3 �0.2 4.6
57.2 �0.4 4.8
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For all the ionic liquids studied u values were below
one, which indicates that the transition state is poorly
ordered, thus implying that design of ionic liquids with
cations that contain specific groups to facilitate alignment
of the substrate to improve selectivities may not lead to
vastly improved systems. A far simpler and more
effective approach involves the incorporation of Lewis
acid anions as a component with the ionic liquid, which
can lead to vastly improved selectivities, as reported
previously for chloroaluminate ionic liquids.13

EXPERIMENTAL SECTION


Methyl acrylate was distilled prior to use and cyclopen-
tadiene was obtained by cracking dicyclopentadiene,
distilled under reduced pressure, and stored at �70 8C.
The ionic liquids illustrated in Scheme 1, that is, 1[Tf2N],
162[Tf2N],163[Tf2N],294[Tf2N],306[I],256[Tf2N],315[I],32


and 5[Tf2N]32 were prepared according to literature
procedures. Trihexyltetradecylphosphonium hexafluoro-
phosphate 7[PF3(C2F5)3] was purchased from Fluka.

Diels–Alder reactions


Typically, cyclopentadiene (0.4 mL, 5.0 mmol) and
methyl acrylate (0.3 mL, 3.3 mmol) were added to ionic
liquid or organic solvent (0.8 mL). For catalyzed reactions
the ionic liquid was doped with ZnI2 (0.2 mol%) and
stirred overnight before use. Alternatively, cyclopenta-
diene (0.4 mL, 5.0 mmol) and acrolein (0.2 mL,
3.3 mmol) were added to ionic liquid or organic solvent
(0.8 mL). In the reactions using fluorous ionic liquids,
cyclopentadiene (0.12 mL, 1.5 mmol) and methyl acrylate
(0.09 mL, 1.0 mmol) were added to ionic liquid (0.4 mL).
The reactions were carried out in a high-pressure IR cell
with sapphire windows at 25 or 5 8C for 24 h and spectra
were recorded every 3 or 10 min.33 The cell was
thermostated and ethanol was used as the pressurizing
liquid. FT-IR spectroscopic data were analyzed using
TimeBase version 2.0 (Perkin Elmer). Numerical
analyses were carried out with Scientist 2.0 (Micromath).
After reaction, the products were analyzed by 13C NMR
spectroscopy and GC. NMR spectra were measured on
Bruker DRX 400 MHz spectrometer. NMR data were
analyzed using WinNMR 6.1 (Bruker). GC analyses were
carried out on a Varian Chrompack CP-3380 equipped
with capillary (25 m� 0.25 mm, using He as carrier gas).

Methyl 5-norbornene-2-carboxylate
endo product


13C NMR (neat, 400 MHz) 172.2 (s), 134.0 (d,
J¼ 169 Hz), 128.7 (d, J¼ 169 Hz), 53.4 (t, J¼ 143),
49.0 (q, J¼ 147 Hz), 42.2 (d, J¼ 149 Hz), 39.0 (d,

Copyright # 2007 John Wiley & Sons, Ltd.

J¼ 132 Hz), 38.8 (d, J¼ 154 Hz), 26.3 (t, J¼ 132 Hz)
ppm.

Methyl 5-norbornene-2-carboxylate
exo product


13C NMR (neat, 400 MHz) 173.7 (s), 134.4 (d, J¼
170 Hz), 129.4 (d, J¼ 170 Hz), 53.5 (t, J¼ 144) 49.3 (q,
J¼ 147 Hz), 43.0 (d, J¼ 148 Hz), 39.1 (d, J¼ 132 Hz),
39.0 (d, J¼ 154 Hz), 21.6 (t, J¼ 131 Hz) ppm.

SUPPORTING INFORMATION


Kinetic data are available as supporting information.
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ABSTRACT: A series of nitrophenyl b-cyclodextrin derivatives: mono[6-deoxy-6-(4-nitrobenzamido)]-per-
O-methyl-b-cyclodextrin (R1—Ph—NO2), mono[6-deoxy-6-(3-nitrobenzamido)]-per-O-methyl-b-cyclodextrin
(R2—Ph—NO2) and heptakis[6-deoxy-6-(4-nitrobenzamido)-2,3-di-O-methyl]-b-cyclodextrin [R3—(Ph—NO2)7]
were synthesized. Purity and composition of the obtained substances were checked. Electroreduction of nitro groups
of the new synthesized compounds was investigated on mercury electrode using cyclic voltammetry and chron-
ocoulometry. The parameters of the reduction processes of —NO2 groups of the investigated compounds were found
not to be comparable to the reduction of nitrobenzene under the same experimental conditions. Moreover, the
electroreduction of nitro groups in these nitrophenyl derivatives was dependent on pH, the type of the studied
compound, and slightly on the solvent composition. All the reactants were strongly adsorbed on mercury electrode. In
the case of R3—(Ph—NO2)7, its seven nitro groups were reduced practically at the same potential, and no radical anion
formation was observed. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: nitrophenyl-b-cyclodextrin; mercury electrode; cyclic voltammetry; inhibition of electrode reactions


INTRODUCTION


Nitroaromatic compounds infiltrate into biosphere from
industry processes, drugs and pesticides. These sub-
stances can be introduced into living organisms as drugs
or toxins. It is known that the biological, therapeutic and
toxic properties of the nitro compounds can be connected
with electrochemical characteristics of the nitro group
reduction and the formation of a nitro radical anion which
exhibits cytotoxicity towards cellular systems.1,2


Therefore, the electrochemical properties of nitroaro-
matic compounds were extensively studied and the data
obtained are reviewed herein.3–22 Electrochemical
reduction of nitrobenzene (PhNO2) on the mercury
electrode in aqueous solutions in the absence of inhibitors
involves a single four-electron irreversible process:


PhNO2 þ 4e� þ 4Hþ ! PhNHOHþ H2O (1)


The reduction wave of the PhNO2/PhNHOH process
was shifted to more negative potential upon increasing
concentration of the reactant.8 This observation was
ascribed to the adsorption of nitrobenzene on the mercury
electrode.16


In acidic media, the phenylhydroxylamine is further
reduced to aniline according to the two-electron step
mechanism. The general scheme for reduction of
nitroaromatic compounds on the mercury electrode was
published previously.3,14,15 Later, the electroreduction
mechanism of aromatic nitro compounds in aqueous
solutions was also investigated in details.19–27


In alkaline solutions, in the presence of inhibi-
tors3,5,10,11,22 and in aprotic solvents,3,28,29 the four-
electron electrode process described by Eqn (1) splits into
two steps. In the first step, the NO2 group was reversibly
reduced to radical anion according to the one-electron
process. At more negative potential, the irreversible
three-electron reduction of radical anion to phenylhy-
droxylamine was observed. The potential of the latter
process was dependent on pH, solvent composition and
inhibitor concentration. The radical anion was very stable
in aprotic media but it was also detected in alkaline
aqueous solutions during EPR measurements10,30,31 and
using electrochemical methods.10,14


In water–organic mixtures, nitrobenzene was reduced
in two well-separated steps according to one- and
three-electron reduction mechanism.3,23,32,33 Such beha-
viour is caused by adsorption of the organic component of
the mixture on a mercury electrode.


The electrochemical characteristics of 2-, 3- and
4-nitroanisoles in the water–ethanol and water–DMF
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mixtures in the pH range of 2–12 was described
previously.34 In protic media, the 3-nitroanisole isomer
exhibited an irreversible well-defined voltammetric peak
over the entire pH range when investigated on the
mercury electrode in a reaction involving four electrons to
give the hydroxylamine derivative. However, in the case
of 4-nitroanisole, the successive formation of nitro radical
anion was observed at pH 10.5. In water–DMF solutions
at pH� 10.5, the formation of radical anions was also
observed for all the investigated nitroanisoles. The radical
anions were more stable in DMF solution than in its
mixtures with water.


During recent years, nitroimidazole derivatives have
often been studied because of their therapeutic properties.
The investigations have mainly been focused on
the electroreduction of their nitro groups.35–37 For the
4- nitroimidazole derivative in aqueous solution, only one
voltammetric peak related to the four-electron electro-
reduction of its nitro groups, NO2/NHOH, is observed in
the pH range of 2–12.36 The formation of radical anions
was observed in mixed and nonaqueous media.


In the present work, we prepare and consider new
nitrophenyl derivatives of b-cyclodextrin:mono[6-deoxy-


6-(4-nitrobenzamido)]-per-O-methyl-b-cyclodextrin
(R1—Ph—NO2), mono[6-deoxy-6-(3-nitrobenzamido)]-
per-O-methyl-b-cyclodextrin (R2—Ph—NO2), and
heptakis[6-deoxy-6-(4-nitrobenzamido)-2,3-di-O-methyl]-
b-cyclodextrin [R3—(Ph—NO2)7] (Fig. 1). The new
compounds are electrochemically reduced on the mercury
electrode in aqueous and water–MeCN (acetonitrile)
solutions at different pHs. It follows from the works of
Coleman38 that in water–organic solvent mixtures the
solubility of cyclodextrins increases. Water–acetonitrile
mixtures were chosen because there are a lot of
electrochemical studies carried out in such mixtures.
The possible adsorption on mercury electrode has also
been studied.


The purpose of our studies has been to establish the
effects of large, non-electroactive moieties in molecules
containing nitro groups on their electrochemical proper-
ties. It follows from our studies that, for such compounds,
there are important differences in their electrochemical
behaviour in comparison to nitrobenzene. We have also
found that the formation of radical anion in case of our
compounds is hindered in alkaline solutions and water–
organic mixtures as well.
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Figure 1. Structural formulas of mono[6-deoxy-6-(4-nitrobenzamido)]-per-O-methyl-b-cyclodextrin (R1–Ph–NO2), mono[6-
deoxy-6-(3-nitrobenzamido)]-per-O-methyl-b-cyclodextrin (R2–Ph–NO2) and heptakis[6-deoxy-6-(4-nitrobenzamido)-2,3-di-
O-methyl]-b-cyclodextrin [R3–(Ph–NO2)7]


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 375–383


DOI: 10.1002/poc


376 T. GUBICA, J. STROKA AND A. TEMERIUSZ







RESULTS AND DISCUSSION


Influence of the solution pH on reduction of
NO2 group in nitrophenyl derivatives of
b-cyclodextrin: R1—Ph—NO2, R2—Ph—NO2


and R3—(Ph—NO2)7 on mercury electrode


The cyclic voltammetric curves were recorded over the
potential range from 0.1 to �1.8V in the Britton–
Robinson buffered solutions at pHs 7 and 11 with 0.5 M


NaClO4 as a background electrolyte and 10�4
M or


5� 10�5
M as a reactant concentration. In neutral


solutions containing R1—Ph—NO2 or R2—Ph—NO2,
in the first polarization cycle two cathodic peaks were
observed, one at the potential of about �0.64V, and the
other at about �1.4V. Selected CV curves are presented
in Figs. 2 and 3. Electrochemical behaviour of the
reactants with one NO2 group is similar to that of
nitrobenzene under similar conditions.3


The cathodic peak (I) observed for R1—Ph—NO2


and R2—Ph—NO2 corresponds to the four-electron
irreversible reduction of the NO2 group to hydroxylamine
derivative, comparable to the reaction (1).


The shape of the first cathodic peaks (I) and non-linear
dependence of Ipc(I) on v1/2 for all the investigated
compounds suggested that the reactants were adsorbed on
the mercury electrode.


The cathodic peak (III) appearing at the potential of
about�1.4V is probably connected with the adsorption –
desorption process of the reactants because at the same
potential the adsorption – desorption peaks of the per-
methylated cyclodextrins were observed on the double
layer capacitance curves.39 Its desorption may accelerate
the electroreduction of nitroderivatives from the bulk.
This electroreduction was inhibited by the adsorbed
reactant.


The anodic peak observed at the potential close to zero
in the reverse scan is related to the oxidation of
R—Ph—NHOH to R—Ph—NO obtained in the process
(1) in the cathodic step as in the case of nitrobenzene. In


the second and subsequent cycles, a new cathodic peak
(II) appearing at the potential close to zero was observed.
The cathodic and anodic peaks (II) are connected with the
following reaction:


R� Ph� NHOH $ R� Ph� NOþ 2Hþ þ 2e� (2)


The evaluated cathodic peak potentials Epc(I) for the
electroreduction of R—Ph—NO2 to R—Ph—NHOH in
solutions at pHs 7 and 11 are presented in Figs. 4 and 5.
The formal potentials (Ef) of the system R—Ph—NHOH/
R—Ph—NO were calculated from the following relation
(Epc(II)þEpa(II))/2 using the cathodic (Epc(II)) and
anodic (Epa(II)) peak potentials obtained from CV curves.
The obtained data show that, in alkaline solution, the Ef of
R—Ph—NHOH/R—Ph—NO system was equal to
�0.316� 0.016V, and it was only slightly dependent


Figure 2. Cyclic voltammograms (two first runs)
of R1–Ph–NO2 in aqueous solution with pH 7 (curve 1)
and pH 11 (curve 2). The solution contained 0.5 M NaClO4,
Britton–Robinson buffer and 10�4


M reactant. Scan rate 0.1
V � s�1


Figure 3. Cyclic voltammograms (two first runs)
of R3–(Ph–NO2)7 in the solution with pH 7 (curve 1) and
pH 11 (curve 2). The solution contained 0.5 M NaClO4,
Britton–Robinson buffer, 10�4


M reactant and 30 vol. %
MeCN. Scan rate 0.1 V � s�1
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Figure 4. The dependence of Epc(I) for electroreduction of
NO2 group to corresponding hydroxylamine derivatives for: 1
– R1–Ph–NO2, 2 – R2–Ph–NO2, 3 – R3–(Ph–NO2)7 and 4 –
Ph–NO2 obtained in aqueous solutions (lines 1 and 3) and in
30 vol. %MeCN�water mixtures (lines 2 and 4), in solutions
with pH 7 (lines 1 and 2) and with pH 11 (lines 3 and 4). The
solutions contained also 0.5 M NaClO4, Britton–Robinson
buffer, 10�4


M reactants 1, 2 and 4 and 5� 10�5
M


R3–(Ph–NO2)7. Scan rate 0.2 V � s�1
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on the type of reactant and the solution composition. The
formal potentials of the reactants were about 0.230–0.270
less negative in alkaline solutions than in neutral solutions
in agreement with theory (0.059V per one pH
unit� 4¼ 0.236V) of reversible processes.


Studies at pH 7


In neutral solutions, for the reactant with seven NO2


groups in the molecule, the shape of cyclic voltammo-
gram was very similar to that observed for the reactants
with only one NO2 group. Also one cathodic peak in the
potential range of�0.64 to�0.72Vwas observed (Fig. 3,
curve 1). However, this peak was more than 10 times
higher than that observed for the reactants such
as R1—Ph—NO2 and R2—Ph—NO2, and the reduction
charge of the R3—(Ph—NO2)7 species was about seven
times higher than that observed for the R1—Ph—NO2


and R2—Ph—NO2 electroreduction processes (calculated
for equal concentrations of all the reactants). Thus we can
assume that the peak corresponds to electroreduction of
all the nitro groups of R3—(Ph—NO2)7 according to the
equation:


R3 � ðPh� NO2Þ7 þ 7 � 4Hþ þ 7 � 4e�


! R3 � ðPh� NHOHÞ7 þ 7H2O (3)


For the R3—(Ph—NHOH)7/R3—(Ph—NO)7 system,
only one cathodic peak and one anodic peak were
observed at potentials similar to those characteristic of
the R1—Ph—NO2 and R2—Ph—NO2 reactants. The
currents of those peaks were strongly dependent on
the electrode polarization range of potentials. When the
electrode was polarized to the potential more negative
than �1.4V, the current peaks (II) became then lower


because the reactant was desorbed from the mercury
electrode surface.


Studies at pH 11


At pH 11, the electrochemical behaviour of the
investigated compounds was different (Figs. 2 and 3,
curves 2 and Fig. 6). All the peaks were observed at more
negative potentials, as it was expected. In the second and
subsequent cycles, the cathodic peak (I) of
the R1—Ph—NO2 electroreduction was split into two
steps. Also a new anodic peak was observed at potentials
about 60mV less negative thanEpc(I). For R2—Ph—NO2,
the separation of the peak (I) into two steps was observed
already in the first cathodic run. Therefore, the four-


Figure 6. Cyclic voltammograms (first two runs)
of R1–Ph–NO2 (curve 1) and R2–Ph–NO2 (curve 2) for differ-
ent scan rates: (a) 0.3 and (b) 0.05V � s�1, in aqueous
solutions with pH 11. In the solution was 0.5 M NaClO4,
Britton–Robinson buffer and 10�4


M reactant


-1.1


-1


-0.9


-0.8


-0.7


-0.6


10.80.60.40.20


V  /Vs-1


E
 /V
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Figure 5. The dependence of Epc(I) of Ph–NO2 (nitroben-
zene) electroreduction to PhNHOH on scan rate in aqueous
solution (curve 1) and in 30 vol. % MeCN–water mixture for
PhNO��


2 /PhNHOH process (curve 2). The solutions contained
0.5 M NaClO4, Britton–Robinson buffer with pH 11
and 10�4


M nitrobenzene
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electron process occurs in two steps: the first being a
one-electron process with the reversible formation of the
radical anion:


R� Ph� NO2 þ e� $ R� Ph� NO��
2 (4)


and the second one, at more negative potential,
corresponding to a three-electron irreversible process:


R� Ph� NO��
2 þ 3e� þ 3H2O


! R� Ph� NHOHþ 4OH� (5)


The separation of the cathodic peak (I) depended on the
rates of the adsorption equilibration of R1—Ph—NO2


and R2—Ph—NO2 as well as on electronic and steric
effects in the benzene ring (meta and para isomers of
disubstituted benzene).34 For R2—Ph—NO2 the begin-
ning of separation of the peak (I) into two steps was
already observed in the first cathodic run at scan rates
v� 0.1V � s�1 (Fig. 6a) and the separation of the peak (I)
was observed for both reactants for lower scan rates
(Fig. 6b).


However, in the case of R3—(Ph—NO2)7 no separation
of the four-electron wave was observed in the carried out
experiments.


Investigation of adsorption
of R1—Ph—NO2, R2—Ph—NO2


and R3—(Ph—NO2)7 on mercury electrode


In order to determine the surface concentration of
modified cyclodextrins adsorbed on the mercury elec-
trode, single-step chronocoulometric experiments were
carried out using the static mercury drop electrode. Initial
and final potentials at �0.40 and �1.1V, respectively,
were selected.


The amount of the adsorbed compounds was deter-
mined from the plots ofQtversus t


1=2
p . All these plots were


linear, and at tp¼ 0, they intersected the Q axis at positive
(absolute) values. At the constant initial potential, using


different pulse times and changing the time of equili-
bration at the initial potential from 2 to 10 s, the obtained
QAdsþDQdl values were similar within the experimental
error and equal to about 0.1mC � cm�2. The change of
double layer charge (in comparison to QAds) can be
neglected because the modified cyclodextrins: per(2,3-
di-O-methyl)-b-cyclodextrin (DM-b-CD) and per(2,3,6-
tri-O-methyl)-b-cyclodextrin (TM-b-CD) were strongly
adsorbed on the mercury electrode in the potential range
from –0.4 to –1.2V, where the differential capacity was
low and changed only slightly.39 Therefore, we could
assume that the obtained data were approximately equal
to QAds.


The surface concentration, G, was calculated from the
obtained charges, QAds¼ nFG, the electron numbers n
used in those calculations were taken from reactions (1)
and (3).


The results of QAds and G (for all the investigated
compounds obtained from such analyses) are given in
Table 1. The obtained data suggest that during the
preequilibrium times used (2–10 s), the adsorption
equilibrium was established. It follows from the obtained
data that the investigated compounds are strongly
adsorbed on the mercury electrode from neutral and
alkaline solutions. The QAds of R1—Ph—NO2 is lower in
the presence of MeCN, due to competitive adsorption of
MeCN and R1—Ph—NO2 molecules on the electrode
surface.


The surface concentration of R3—(Ph—NO2)7 was
practically independent of its concentration from
4� 10�5


M, exhibiting at higher concentrations plateau
of the adsorption isotherm. Thus we could assume that at
a concentration exceeding 4� 10�5


M the mercury
electrode was fully covered by the molecules
of R3—(Ph—NO2)7. This conclusion is also supported
by the literature, suggesting that the modified cyclodex-
trins totally covered the mercury electrode when their
concentration in the investigated solutions was even as
low as 10�4


M.39 In view of the above result, we were able
to calculate from the measured maximal charges Gm


Table 1. The charges and surface concentrations of R1–Ph–NO2, R2–Ph–NO2 and R3–(Ph–NHOH)7 compounds adsorbed on the
mercury electrode from the aqueous solutions containing 10�4


M reactants, 0.5 M NaClO4 and Britton–Robinson buffer with pH
7 or 11


Reactant


pH 7 pH 11


Qads [mC/cm
2] G [mol/cm2] Qads [mC/cm


2] G [mol/cm2]


R1–Ph–NO2 22.6 5.8� 10�11 23.6 6.1� 10�11


13.4a 3.5� 10�11a 18.4a 4.8� 10�11a


R2–Ph–NO2 18.1 4.6� 10�11 20.4 5.2� 10�11


R3–(Ph–NO2)7
a — — 134.9 5.0� 10�11


R3–(Ph–NO2)7
a,b 130.3 4.8� 10�11 128.4 4.7� 10�11


R3–(Ph–NO2)7
a,c — — 123.9 4.6� 10�11


Initial potential Ei¼�0.40V.
a Data obtained for 30 vol. % of MeCN.
bData obtained for 5� 10�5M R3–(Ph–NO2)7.
c Data obtained for 2� 10�5M R3–(Ph–NO2)7.
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(maximal surface concentration) the surface occupied by
one molecule of reactant P. The calculated data are
presented in Table 2.


It was observed that the seven energetically equivalent
nitro groups of R3—(Ph—NO2)7 react at the same
potential in one well-defined sharp peak. The shape of the
cathodic voltammetric peak, and also the charges found
for the adsorbed reactant show that the reaction occurs
from the adsorbed state. The orientation of the reactant on
the electrode surface is, to some extent, a matter of
speculation. Literature data show that the values of the
surface occupied by one molecule of b-cyclodextrin
perpendicularly orientated to the electrode surface was
2.59 nm2.40 Considering the size of the adsorbed
molecules and their number per square centimetre, it
may be concluded that the studied molecules are also
orientated perpendicularly. For a practically totally
covered electrode there are two possibilities of such
orientations of cyclodextrin molecules: either (i) with the
hydrophobic groups on the electrode surface and the NO2


group in the solution or (ii) with the NO2 group on the
electrode surface. The case (i) was found earlier by Galus
et al.40 for the adsorption of native b-cyclodextrin on the
mercury electrode. The case (ii) was proposed by
Coleman et al.41 for the adsorption for amphiphilic
cyclodextrins adsorbed on modified gold electrodes.


We suppose that the nitro groups of the investigated
reactants were orientated towards the electrode surface.
Since in the first case the electron transfer should occur on
a rather long distance, what seems to be less probable.


The influence of inhibitors on the reduction of
NO2 group of nitrophenyl derivatives on
mercury electrode


In order to explain in more detail the mechanism of the
electroreduction of new nitro compounds, we have also
investigated both Ph—NO2 (nitrobenzene) and
the R1—Ph—NO2 reactant in water–MeCN solutions.
The obtained data are shown in Figs. 7 and 8.


We can see that, in neutral solutions containing MeCN,
the cathodic peak of the electroreduction of PhNO2 to
PhNHOH is shifted to a more negative potential by about
0.20V (Fig. 7, curves 1 and 2), whereas in the case
of R1—Ph—NO2 the peak potential is changed only by
about 0.05V under the same conditions (Fig. 2, curve 1
and Fig. 7, curve 4). The data show that the electro-
reduction of nitrobenzene is inhibited by MeCN adsorbed
molecules, that are capable to cover practically totally the
mercury electrode surface.42 A similar effect was
observed earlier in several water–organic mixtures.3


The inhibiting effect of MeCN is lower in the case of
the R1—Ph—NO2/R1—Ph—NHOH process due to
desorption of MeCN by adsorbed molecules
of R1—Ph—NO2.


Figure 7. Cyclic voltammograms (first two runs) of Ph–NO2


(nitrobenzene) in aqueous solution at pH 7 (curve 1) and in
30 vol. % MeCN–water mixture (curve 2); CV for Ph–NO2 in
presence of 10�4


M per(2,3,6-tri-O-methyl)-b-cyclodextrin in
30 vol. % MeCN–water mixture (curve 3) and CV
for R1–Ph–NO2 in 30 vol. % MeCN–water mixture (curve
4). The solutions composition: 0.5 M NaClO4, Britton–
Robinson buffer and 10�4


M reactant. Scan rate 0.1 V � s�1


Figure 8. Cyclic voltammograms (first two runs) Ph–NO2


(nitrobenzene) at pH 11 in aqueous solution (curve 1), and in
30 vol.%MeCN–water mixture (curve 2); CV for R1–Ph–NO2


in 30 vol. % MeCN–water mixture (curve 3). The solutions
composition: 0.5 M NaClO4, Britton–Robinson buffer
and 10�4


M reactant. Scan rate 0.1 V � s�1


Table 2. Values of surface area of the mercury electrode
occupied by one molecule of reactant (P) obtained from
aqueous solutions containing 10�4


M reactants, 0.5 M


NaClO4 and Britton–Robinson buffer with pH 7 or 11


Reactant


pH 7 pH 11


P (nm2) P (nm2)


R1–Ph–NO2 2.86 2.72
R2–Ph–NO2 3.61 3.19
R3–(Ph–NO2)7


a — 3.32
R3–(Ph–NO2)7


a,b 2.89 3.53


aData obtained for 30 vol. % of MeCN.
bData obtained for 5�10�5M R3–(Ph–NO2)7.
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We have also added the modified cyclodextrin
[per(2,3,6-tri-O-methyl)-b-cyclodextrin] to the solution
of nitrobenzene in 30 vol.% MeCN–water mixture, and it
has been found that under these experimental conditions,
the cathodic electroreduction of PhNO2 to PhNHOH is
strongly inhibited because the cathodic peak of this
process has been observed at a more negative potential
(Fig. 7, curve 3) compared to that in the absence of
permethylated cyclodextrin.


The influence of MeCN on the PhNO2 electroreduction
was spectacular at pH 11. In the presence of MeCN, the
four-electron Ph—NO2/Ph—NHOH process was split
into two steps described by Eqns (4) and (5), and the
potentials of both peaks were more negative than those
observed in the Ph—NO2 electroreduction in aqueous
solutions. The inhibiting effect of the adsorbed MeCN
molecules on the R1—Ph—NO2 electroreduction on the
mercury electrode was not so evident. In this case, only
one four-electron wave corresponding to the electro-
reduction of R1—Ph—NO2 to R1—Ph—NHOH was
observed in the presence of MeCN (Fig. 8, curve 3,
Epc(I)¼�0.760V), and the potential of this cathodic
peak was only more negative by 0.026V than that
observed for the same system in aqueous solutions (Fig. 2,
curve 2, Epc(I)¼�0.734V). The evaluated cathodic peak
potentials Epc(I) of electroreduction of R—Ph—NO2 to
R—Ph—NHOH in two solutions of different pH are
presented in Fig. 4.


The potential values obtained in the solution with
30 vol. % MeCN were corrected for liquid junction
potential. The corrected values of Epc(I) and formal
potentials were by 0.023V more negative than the
experimental values.43


From the obtained data, we can see that in aqueous
solutions at pH 7, and at scan rates higher than 0.1V � s�1,
the peak potentials of the non-inhibited electroreduction
of R—NO2 to R—NHOH change in the range:
Ph—NO2>R2—Ph—NO2>R1—Ph—NO2 (Fig. 4,
curve 1). Inhibition of this process can be caused by a
strong adsorption of the b-cyclodextrin moiety of the
investigated nitrophenyl derivatives.


In the water–MeCN solution the R—NO2 electro-
reduction is more strongly inhibited by the presence of the
organic solvent than in aqueous solution (Fig. 4, curve 2),
and the peak potentials of the studied systems change in
the opposite direction: R1—Ph—NO2>R3—(Ph—NO2)7>
Ph—NO2. This is due to the competitive adsorption of
MeCN and the reactants.


In alkaline solutions (pH¼ 11), the adsorbed MeCN
molecules inhibited and split the four-electron process
into the 1e-reversible PhNO2/PhNO


��
2 and the three


electron-irreversible PhNO��
2 /PhNHOH process, and


shifted its potential to more negative values. The formal
potential of the PhNO2/PhNO


��
2 system was equal to


�0.698� 0.003V, and the peak potential of the PhNO��
2 /


PhNHOH process was about 0.30V more negative and
depended on the scan rate (Fig. 5, curve 2).


It follows from the obtained data that in aqueous
solutions at pH 11 the peak potentials of the R—NO2


electroreduction changed in the order: Ph—NO2>
R2—Ph—NO2�R1—Ph—NO2 (Fig. 4, curve 3). In
the presence of MeCN, the electroreduction
of R1—Ph—NO2 was more strongly inhibited than that
of R3—(Ph—NO2)7 (Fig. 4, curve 4).


The R—Ph—NHOH/R—Ph—NO process described by
Equation (2) was practically reversible, since the difference
of DE¼Epa(II)�Epc(II) was 28� 3mV at scan rates 0.1
to 1V � s�1. Only for reactant R1—Ph—NO2, DE was
about 50mV in the solution at pH 7.


For R3—(Ph—NO2)7 we have also observed only one
cathodic and one anodic peak (II); probably the seven
—NHOH groups produced by electroreduction of NO2


groups reacted at the same potential according to the
reaction:


R3 � ðPh� NHOHÞ7
$ R3 � ðPh� NOÞ7 þ 7 � 2Hþ þ 7 � 2e� (6)


The pH influence on the R—Ph—NHOH/R—Ph—NO
process is strong, and its formal potential is about 0.25V
more negative in solution at pH 11 than at pH 7 in
agreement with the theory (0.059V� 4¼ 0.236V). This
process is only slightly influenced by the reactant
structure and takes place in the potential range in which
the reactants are not adsorbed on the mercury electrode.


The peak (I) currents for the electroreduction
of R1—Ph—NO2 and R2—Ph—NO2 on the mercury
electrode were lower than that observed for nitrobenzene
electroreduction. This may be caused by lower diffusion
coefficients for such large reactants and also by inhibiting
the influence of these reactants adsorbed on the mercury
electrode.


CONCLUSIONS


We have found that nitrophenyl derivatives of
b-cyclodextrin are strongly adsorbed on the mercury
electrode. The adsorption becomes lower in the presence
of MeCN and depends to some extent on the composition
of the solutions used here. The parameters of the
electrochemical behaviour of the reactants depend on:
(i) their molecular structure, (ii) pH of the investigated
solutions and (iii) the presence of MeCN.


Because of the presence of the b-cyclodextrin residue
in the molecules having NO2 groups attached to the
reactants, R1—Ph—NO2, R2—Ph—NO2 and R3—(Ph—NO2)7,
are reduced on the mercury electrode at more negative
potentials than nitrobenzene. The b-cyclodextrin residue
in the reactant molecules hinders the formation of the ion
radicals and diminishes the inhibiting influence of the
adsorbed MeCN molecules on the mercury electrode. We
have found that the seven NO2 groups of
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the R3—(Ph—NO2)7 molecule are reduced virtually at
the same potential, and the NO2 groups of the reactant
were perpendicularly orientated to the electrode surface.
Under the present experimental conditions, we have not
observed the formation of the radical anion of
the R3—(Ph—NO2)7 compound. This phenomenon can
be explained in terms of electronic interactions between
the seven NO2 groups in the molecule. Possible fast
electron transfers between anion radicals in the molecule
decrease the stability of the radical and can facilitate
the electroreduction process leading to the formation of
the hydroxylamine derivative in one step.


EXPERIMENTAL


Electroreduction and adsorption of reactants were
investigated using cyclic voltammetry (CV) and chron-
ocoulometry. The measurements were carried out using a
CH Instruments (Cordova, TN), model 660 electroche-
mical analyser connected to a computer. Cyclic voltam-
metric curves were analysed using the Nicholson
equation for quasi-reversible processes, while for
irreversible processes the equation, which describes the
peak current potential was used.44


Single-step chronocoulometric experiments44 were
used to determine the surface concentration of adsorbed
reactants. The chronocoulometric Q–t curves were
recorded for initial potentials ranging from �0.30 to
�0.50V and for pulse times changing from 0.01 to 0.1 s
The time of equilibration (before the pulse application)
was changed from 1 to 10 s. The Q–t curves were
described using equation:


Q ¼ 2nFAD1=2
ox c0oxt


1=2
p


p1=2
þ Qdl þ QAds (7)


Dox and c0ox describe diffusion coefficients and
concentrations of reactants, respectively. Whereas, Qdl


and QAds stand for the charge of the double layer and the
charge of adsorbed reactant, respectively.


Electrochemical studies were carried out in a
three-electrode cell with a water jacket at 25� 0.1 8C.
Static mercury drop electrode (SDME) was used as a
working electrode, while the platinum foil (2 cm2) served
as a counter electrode. All the potentials were measured
against a calomel electrode (SSCE) with saturated sodium
chloride. In all the studied solutions, 0.5 M NaClO4 was
used as a supporting electrolyte, and all the measurements
were carried out in the presence of a Britton–Robinson
buffer. The reactant concentration was equal to 10�4 or
5� 10�5


M (in the case of R3—(Ph—NO2)7). Because of
low solubility of heptakis[6-deoxy-6-(4-nitrobenzamido)-
2,3-di-O-methyl]-b-cyclodextrin in aqueous solutions,
the experiments were carried out in 30 vol. % mixture of
MeCN and water.


Doubly distilled and deionised water (Mili-Q, Milli-
pore, Austria) and acetonitrile (MeCN) (from Merck)
were used for preparation of the solutions. The
compounds were synthesized using the following
procedures.


Mono[6-deoxy-6-(4-nitrobenzamido)]-
per-O-methyl-b-cyclodextrin (R1—Ph—NO2)


Mono(6-amino-6-deoxy)-per-O-methyl-b-cyclodextrin45


(1.10 g, 0.78mmol) was dissolved in a solution of DMF
(2mL) and MeCN (12mL). Then, 4-nitrobenzoic acid
(0.26 g, 1.6mmol) and DCC (dicyclohexylcarbodiimide,
0.42 g, 2.0mmol) were added. The reaction mixture was
stirred overnight and evaporated to dryness under reduced
pressure. Solid residue was purified by chromatography
on silica gel using a mixture of acetone/hexane 3:1 (v/v)
and 1:1 (v/v). 0.19 g of pure product R1—Ph—NO2 was
obtained as white bubbles, yield 15.5%, [a]20D þ 127.48
(c 1, CHCl3); RF 0.57 (acetone–hexane 1:1); ESIMS: m/z
1628.7 [R1—Ph—NO2þHN3Na], calcd 1628.7.


1H NMR (500MHz, CDCl3): d (ppm) 3.19–3.21
(m, 7H, 7H-2); 3.37–3.41 (m, 7H, 7H-4); 3.49–3.69 (m, 67H,
7H-3, 20OMe); 3.79–3.95 (m, 21H, 7H-5, 7H-6a, 7H-6b);
5.00–5.19 (m, 7H, 7H-1); 7.72 (t, 1H, JH-N,H-6a¼ 5.5Hz,
JH-N,H-6b¼ 5.5Hz, H-N); 7.56 (d, 2H, JH-2Ph,H-3Ph¼
8.0Hz, JH-5Ph,H-6Ph¼ 8.0Hz, H-2Ph, H-6Ph); 8.29 (d, 2H,
H-3Ph, H-5Ph). 13C NMR (125MHz, CDCl3): d (ppm)
49.32 (C-6—NH); 58.39-59.21 (OMe); 60.87–61.56
(C-6); 71.07–71.39 (C-5); 81.10–82.18 (C-2,3,4);
99.26–99.54 (C-1); 123.65; 128.14; 143.91; 147.84
(Ar); 170.32 (C——O).


Mono[6-deoxy-6-(3-nitrobenzamido)]-
per-O-methyl-b-cyclodextrin (R2—Ph—NO2)


Hydrochloride of mono(6-amino-6-deoxy)-per-O-methyl-
b-cyclodextrin45 (0.23 g, 0.16mmol) was dissolved in
pyridine (6mL), then 3-nitrobenzoyl chloride (0.12 g,
0.65mmol) was added. The reaction mixture was stirred
overnight and then it was evaporated to viscous oil under
reduced pressure. The solution of the obtained oil in
methylene chloride was washed with HCl(aq), water,
KHCO3(aq), then with water again and, finally, it was
dried under anhydrous magnesium sulphate and evapor-
ated to bubbles under reduced pressure. The crude
product was purified by chromatography on silica gel
using a mixture of acetone/hexane 1:1 (v/v) and 2:1 (v/v).
0.09 g of pure product R2—Ph—NO2 was obtained as
white bubbles, yield 36%, [a]20D þ 139.18 (c 1, CHCl3); RF


0.40 (acetone–hexane 1:1); ESIMS: m/z 1585.7
[R2—Ph—NO2þNa] and 804.7 [R2—Ph—NO2þ 2Na],
calcd 1585.7 and 804.7, respectively.


1H NMR (500MHz, CDCl3): d (ppm) 3.19–3.21
(m, 7H, 7H-2); 3.35–3.41 (m, 7H, 7H-4); 3.50–3.67
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(m, 67H, 7H-3, 20OMe); 3.80–3.95 (m, 21H, 7H-5,
7H-6a, 7H-6b); 5.04–5.24 (m, 7H, JH-1,H-2¼ 3.5Hz,
7H-1); 7.71 (t, 1H, JH-N,H-6a¼ 5.5Hz, JH-N,H-6b¼ 5.5Hz,
H-N); 7.65 (t, 1H, J4Ph,5Ph¼ 8.0Hz, J5Ph,6Ph¼ 7.5Hz,
H-5Ph); 8.18 (d, 1H, J2Ph,6Ph¼ 1.0Hz, H-6Ph); 8.37 (d,
1H, J2Ph,4Ph¼ 1.0Hz, H-4Ph); 8.68 (d, 1H, H-2Ph).
13C NMR (125MHz, CDCl3): d (ppm) 40.91 (C-6—NH);
58.28–59.34 (OMe); 61.19–61.64 (C-6); 70.90–71.45
(C-5); 79.85–82.46 (C-2,3,4); 98.71–100.13 (C-1);
122.22; 125.95; 129.69; 133.20; 136.29; 148.25 (Ar);
165.21 (C——O).


Heptakis[6-deoxy-6-(4-nitrobenzamido)-2,3-
di-O-methyl]-b-cyclodextrin (R3—(Ph—NO2)7)


Heptakis(6-amino-6-deoxy-2,3-di-O-methyl)-b-cyclode-
xtrin46 (1.13 g, 0.85mmol) was dissolved in mixture of
DMF andMeCN [1:6 (v/v), 63mL]. Then, 4-nitrobenzoic
acid (1.83 g, 11mmol) and DCC (3.0 g, 14.6mmol) were
added. The reaction mixture was stirred for 24 h at room
temperature and then evaporated to dryness under
reduced pressure. The crude product was purified by
chromatography on silica gel using a mixture of acetone
and hexane 3:1 (v/v) as an eluent. After two subsequent
crystallizations from ethanol product R3—(Ph—NO2)7
was obtained in the form of white crystals (0.37 g, 18.5%
yield). Mp 182–184 8C; [a]20D þ 44.2o (c 1, CHCl3); RF


0.43 (2:1 acetone–hexane); ESIMS: m/z 2390.8
[R3—(Ph—NO2)7þNa], calcd 2390.8.


1H NMR (500MHz, CDCl3): d (ppm) 3.26 (dd, 7H,
JH-1,H-2¼ 3.5Hz, JH-2, H-3¼ 9.0Hz, 7H-2); 3.39 (t, 7H,
JH-4, H-5¼ 8.5Hz, JH-3,H-4¼ 8.5Hz, 7H-4); 3.54 (s, 21H,
7O-Me); 3.58 (t, 7H, 7H-3); 3.63 (s, 21H, 7O-Me);
3.74–3.86 (m, 7H, 7H-5); 4.03–4.09 (m, 14H, 7H-6a,
7H-6b); 5.12 (d, 7H, 7H-1); 7.73 (t, 7H, JH-N,H-6a¼
5.5Hz, JH-N,H-6b¼ 5.5Hz, 7H-N); 7.78 (d, 14H,
JH-2Ph,H-3Ph¼ 8.5Hz, JH-5Ph,H-6Ph¼ 9.5Hz, 7H-2Ph,
7H-6Ph); 8.00 (d, 14H, 7H-3Ph, 7H-5Ph). 13C NMR
(125MHz, CDCl3): d (ppm) 40.70 (C-6); 58.81; 61.11 (OMe);
70.64 (C-5); 81.08; 81.60; 82.88 (C-2,3,4); 99.63 (C-1);
123.48; 128.36; 139.61; 149.37 (Ar); 166.55 (C——O).
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Bakalara N, Périé J. Biochem. Pharmacol. 1999; 57: 549–557.


3. Kemula W, Krygowski TM. In Encyclopedia of Electrochemistry
of the Elements, Brad A, Lund H (eds). Marcel Dekker: New York,
1979; 77–130.


4. Lund H. In Organic Electrochemistry, Lund H, Beizer MM (eds).
Marcel Dekker: New York, 1983; 295–306.


5. Kemula W, Kublik Z. Nature 1958; 182: 793–794.
6. Kastening B, Holleck L. Z. Elektrochem. 1959; 63: 166–176.
7. Kastening B, Holleck L. Z. Elektrochem. 1959; 63: 177–181.
8. Mairanovskii SG, Stradins JP. Izv. Akad. Nauk SSSR, Otd Khim


Nauk 1961; 12: 2239–2241.
9. Vijayalakshamma SK, Subrahmanya RS. J. Electroanal. Chem.


1969; 23: 99–114.
10. Koopmann R, Gerischer H. Ber. Bunsenges. Phys. Chem. 1966; 70:


127–138.
11. Kastening B, Vavricka S. Ber. Bunsenges. Phys. Chem. 1968; 72:


27–32.
12. Kastening B. Electrochim. Acta 1964; 9: 241–254.
13. Kemula W, Lipkowski J, Kalinowski M. Electrokhimiya 1970; 6:


500–504.
14. Britz D, Bauer HH. Electrochim. Acta 1968; 13: 347–359.
15. Kastening B, Holleck L. J. Electroanal. Chem. 1970; 27: 355–368.
16. Guidelli R. J. Phys. Chem. 1970; 74: 95–102.
17. Kastening B. In Progress in Polarography, Zuman P, Meites L


(eds). Wiley: New York, 1972; 195–286.
18. Holleck L, Becher D. J. Electroanal. Chem. 1962; 4: 321–331.
19. Pezzatini G, Guidelli R. J. Electroanal. Chem. 1979; 102:


205–219.
20. Zuman P, Fijałek Z. J. Electroanal. Chem. 1990; 296: 583–588.
21. Zuman P, Fijałek Z. J. Electroanal. Chem. 1990; 296: 589–593.
22. Karakus C, Zuman P. J. Electroanal. Chem. 1995; 396: 499–505.
23. Laviron E, Meunier-Prest R, Vallat A, Roullier L, Lacasse R.


J. Electroanal. Chem. 1992; 341: 227–255.
24. Lacasse R, Meunier-Prest R, Laviron E, Vallat A. J. Electroanal.


Chem. 1993; 359: 223–239.
25. Laviron E, Roullier L. J. Electroanal. Chem. 1990; 288: 165–175.
26. Laviron E, Meunier-Prest R, Lacasse R. J. Electroanal. Chem.


1994; 375: 263–274.
27. Laviron E, Vallat A, Meunier-Prest R. J. Electroanal. Chem. 1994;


379: 427–435.
28. Krygowski TM, Stencel M, Galus Z. J. Electroanal. Chem. 1972;


39: 395–405.
29. Krygowski TM, Lipsztajn M, Galus Z. J. Electroanal. Chem. 1973;


42: 261–269.
30. Kolb D, Koopmann R. Ber. Bunsenges. Phys. Chem. 1969; 73:


284–289.
31. Kastening B. Fresenius J. Anal. Chem. 1967; 224: 196–211.
32. Lipkowski J, Galus Z. J. Electroanal. Chem. 1975; 58: 51–69.
33. Kalandyk A, Stroka J. J. Electroanal. Chem. 1993; 346: 323–338.
34. Nunez-Vergara LJ, Bollo S, Atria AM, Carbajo J, Gunckel S,


Squella JA. J. Electrochem. Soc. 2002; 149: E374–E382.
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40. Jaworski RK, Golędzinowski M, Galus Z. J. Electroanal. Chem.


1988; 252: 425–440.
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ABSTRACT: Complex formation of menadione with a-, hydroxypropyl a-, b-, hydroxypropyl-b-, methyl-b- and
hydroxypropyl-g cyclodextrins in aqueous solution at 298.15 K was studied by using isothermal titration calorimetry,
1H NMR, and UV–vis spectrophotometry. The experimental data indicated the partial insertion of menadione into
macrocyclic cavity upon formation of two alternative types of 1:1 inclusion complexes, whose thermodynamic
parameters (K, DcG


0, DcH
0, and DcS


0) were calculated. The influence of host size on the complex formation process
was analyzed. b-Cyclodextrin and its hydroxypropylated and methylated derivatives were found more effective
binders towards menadione than a- and g-cyclodextrins. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: cyclodextrin; menadione; thermodynamics of complex formation; inclusion complexes

INTRODUCTION


Menadione (2-methyl-1,4-naphthoquinone, Fig. 1), also
known as vitamin K3, is a synthetic version of vitamin K.
Menadione is often classified as provitamin, which is
converted in the animal body into active form of K1 and
K2 vitamins.1 Menadione is required for normal blood
coagulation and bone calcification.1,2 Furthermore, menadione
exhibits an anticancer activity.3,4 Besides the numerous
positive effects menadione can cause adverse outcomes
including anemia, liver damage as well as the mutagenic,
irritative, and toxic effects.5 To improve the physical-
chemical and pharmacological properties of menadione,
and to reduce its disagreeable side effects the use of the
encapsulated forms of menadione can be recommended.


Cyclodextrins (CDs), the natural oligosaccharides
possessing the hydrophilic exterior and hydrophobic
cavity, are well-known parenterally safe encapsulating
materials.6 Due to their capability to form inclusion
complexes with different organic compounds, CDs are
used as stabilizing and solubilizing agents as well as
suitable carrier materials in drug delivery systems.6–8


Consequently, the inclusion of menadione with CDs can
result in the enhancement of menadione solubility and
stability, prolongation of its pharmacological action, and
reduction of unwanted side effects. Thus, the investi-
gation on inclusion of menadione with CDs is of practical
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importance. However, there are only a few publications
devoted to study on complex formation of menadione
with CDs.9–11 Stable crystalline inclusion complexes of
menadione with b-CD9 and g-CD10 were prepared and
analyzed. As it was observed, the complexed menadione
showed higher solubility, increased dissolution rate, and
improved biological activity.9,10 The existence of the
inclusion complex menadione–b-CD in aqueous solution
was also reported by Berzas Nevado et al.11 Up to now,
there are no literature data concerning interactions of
menadione with a-CD, g-CD, or substituted CDs.
Therefore, the aim of our work was to study on complex
formation of menadione with native and modified CDs in
aqueous medium by calorimetric and spectroscopic
methods. Calorimetry is the useful technique to measure
directly the thermodynamics of complex formation,
whereas spectral analysis gives information on the
binding mode and the stoichiometric ratio. Combination
of these experimental methods allows to gain inside (i) the
inclusion process; (ii) the driving forces responsible for
the complexation process; (iii) the possibility to verify the
stability of the complexes by changing of dimensions and
hydrophobicity of the CD cavity.


EXPERIMENTAL


Materials


Commercially available menadione (MP Biomedicals),
a-CD (Fluka), hydroxypropyl-a-CD (HP-a-CD, Aldrich),
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Figure 1. Structural formula of menadione and atom
numbering
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b-CD (Fluka), hydroxypropyl-b-CD (HP-b-CD, Aldrich),
methyl-b-CD (M-b-CD, Aldrich), and hydroxypro-
pyl-g-CD (HP-g-CD, Aldrich) of analytical grade were
used as supplied. CDs were the stable crystallohydrates
and the water content determined by thermogravimetric
analysis was consequently taken into account during the
sample preparation. Hydroxypropylated and methylated
CDs were randomly substituted. The average substitution
degree was 1.8 and 0.6 per glucose unit for M-b-CD and
all HP-CDs, respectively.


All solutions were prepared by weight using the double
distilled, deionized water.

UV–vis spectrophotometry


Absorption spectra were recorded in the range of 200–
400 nm at 298.15 K on a UV-2401 PC UV–VIS Recording
Spectrometer (Shimadzu, Japan) equipped with TCC-240
A, temperature-controlled cell holder. Quartz cuvettes
with a path length of 0.1 cm were employed.


The stoichiometry of the complexes was determined
using Job’s12 method. According to this method, 3.9�
10�5 mol kg�1 solutions of menadione (M) and CDs were
mixed at different concentration ratios (R¼CCD=ðCCDþ
CMÞ) to constant volume. The stoichiometric ratio was
obtained by plotting DA against R and finding the R value
corresponding to the extreme of this dependence.


For the calculation of the binding constants, the change
of absorption of menadione was measured at 250 nm
(e¼ 2.37� 104 kg mol�1 cm�1) as a function of CD con-
centrations. The concentration of menadione was fixed at
5.3� 10�4 mol kg�1 and the CD concentrations were
changed from 2.0� 10�3 to 9.8� 10�3 mol kg�1.

Isothermal titration calorimetry


Calorimetric titrations were performed using isothermal
titration calorimeter (Omega MicroCal, Inc.) at 298.15 K.

Copyright # 2007 John Wiley & Sons, Ltd.

Aqueous CD solutions were injected in 15ml steps to the
menadione aqueous solution placed in the sample cell of
the volume of 1.31 ml. A 250ml Hamiltonian syringe
stirred at 400 rpm was used for injection of cyclodextrin
solution. The initial concentration of menadione
was 5� 10�4 mol kg�1 and the initial CD concentrations
were 1.8� 10�2, 9.3� 10�2, 1.0� 10�2, 1.9� 10�2,
2.0� 10�2, and 2.1� 10�2 mol kg�1 for a-CD,
HP-a-CD, b-CD, HP-b-CD, M-b-CD, and HP- g-CD,
respectively. In separate experiments correction values
for the heat of dilution of menadione and CD were
determined.


The enthalpy of 1:1 complex formation (DcH
0) and the


binding constant (K) were calculated simultaneously and
fitting the experimental data to a theoretical titration
curve using standard instrument software. To obtain more
accurate thermodynamic data for low affinity systems the
complex stoichiometry determined independently was
fixed at known value during the fitting.13 The other
thermodynamic parameters such as the free energy
(DcG


0) and the entropy (DcS
0) of complex formation were


estimated on the basis of well-known thermodynamic
equations:


DcG
0 ¼ �RT lnK (1)


DcG
0 ¼ DcH


0 � TDcS
0 (2)


1H NMR: 1H NMR spectra were run on Bruker AC-200
spectrometer operating at 200 MHz and 298.2� 0.10 K.
Cyclohexane was used as an external reference. All
solutions were prepared gravimetrically on the basis
of D2O. The concentration of menadione was constant
(5� 10�4 mol kg�1), while the CD concentration was
changed from 0 to 1.7� 10�2, 4.5� 10�2, 1.2� 10�2,
1.8� 10�2, 2� 10�2, and 8� 10�2 mol kg�1 for a-CD,
HP-a-CD, b-CD, HP-b-CD, M-b-CD, and HP-g-CD,
respectively.

RESULTS AND DISCUSSION


UV–vis absorption spectrum of menadione in the absence
and presence of b-CD is presented in Fig. 2. As follows
from Fig. 2, addition of the excess amounts of b-CD
induces the decreasing of absorption. The decrease of
absorption intensity upon addition of HP-a-CD,
HP-b-CD, M-b-CD, and HP-g-CD was also noted,
whereas the negligible spectral changes was observed
when increasing the a-CD concentration.


Decrease in A values can be attributed to complex
formation via inclusion of menadione molecule into CD
hydrophobic cavities. Stoichiometry of inclusion com-
plexes can be obtained from Job plots, which are
presented for several systems in Fig. 3. A symmetric
parabolic shape of dependences with an extreme at
R¼ 0.5 (Fig. 3) corresponds to the formation of 1:1
complexes. Therefore, the values of stability constants of

J. Phys. Org. Chem. 2007; 20: 656–661


DOI: 10.1002/poc







Figure 3. Job plots for complex formation of menadione
with CDs in water at 298.15 K


Figure 2. Absorption spectra of menadione (5.3�
10�4mol kg�1) in the absence and presence of b-CD
(2.0� 10�3–9.8�10�3mol kg�1) at 298.15K
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the complexes of menadione with HP-a-CD, b-CD,
HP-b-CD, M-b-CD, and HP-g-CD were calculated from
the concentration dependences of A on the basis of
well-known Benesi–Hildebrand equation14 assuming 1:1
stoichiometric ratio:


CDþM !K CD �M (3)


A ¼ A0 þ
ðD"KCMCCDÞ
ð1þ KCCDÞ


(4)


where A and A0 are the absorbance of menadione in
the presence and absence of CD, respectively; De¼
eCD�M� eM is the difference in the molar absorptivities
between free (eM) and complexed (eCD�M) menadione; CM


and CCD are the initial concentrations of menadione and
CD, respectively; K is stability constant of the complex.
Additionally, K values were calculated with the aid of
nonlinear least-squares analysis implemented in Hyper-
quad 2000 program. The results of calculation are
presented in Table 1.


Table 1 also contains the thermodynamic parameters of
complex formation of menadione with HP-a-CD, b-CD,
HP-b-CD, M-b-CD, and HP-g-CD determined from the

Table 1. Thermodynamic characteristics of complex formation of menadione with cyclodextrins in water at 298.15K


Complex


UV–vis Isothermal titration calorimetry


K (M�1)a K (M�1) DcG
0 (kJ mol�1) DcH


0 (kJ mol�1) TDcS
0 (kJ mol�1)


HP-a-CD/M 45 (�25) 14 (�8) �7 (�4) �17 (�8) �10 (�10)
b-CD/M 208 (�37) 240 (�23) �13.6 (�1.3) �10.4 (�0.7) 3.2 (�0.5)
HP-b-CD/M 233 (�29) 218 (�31) �13.3 (�1.9) �7.9 (�0.7) 5.4 (�1.2)
M-b-CD/M 299 (�20) 281 (�44) �14.0 (�2.2) �6.3 (�0.5) 7.7 (�1.8)
HP-g-CD/M 12 (�10) 16 (�4) �6.9 (�1.7) �1.9 (�0.3) 5.0 (�2.0)


aK was expressed in M�1 under the assumption that solution density was �1.0 g cm�3.
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Figure 4. The enthalpy changes for binding of menadione
(5�10�4mol kg�1) with b-CD (1.0�10�2mol kg�1),
HP-b-CD (1.9�10�2mol kg�1), and M-b-CD (2.0�
10�2mol kg�1) in water at 298.15K versus the concen-
tration ratio
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calorimetric measurements. Figure 4 shows typical
isotherms of binding obtained from the calorimetric
titration of menadione with b-CDs in water at 298.15 K.
Similar dependences were also plotted for all other
systems with HP-a-CD and HP-g-CD with the exception
of a-CD, for which the concentration dependence of DH
is almost linear (Fig. 5).


Figure 5 illustrates a straight-line concentration
dependence of the enthalpy change, which confirms the
low a-CD binding affinity to menadione. Unfortunately,
calculation of the stability constant and thermodynamic
parameters of complex formation was problematic in this
case. It can be assumed that favorable enthalpy value is

Figure 5. The enthalpy changes for interaction of mena-
dione (5� 10�4mol kg�1) with a-CD (1.8�10�2mol kg�1)
in water at 298.15K versus the concentration ratio


Copyright # 2007 John Wiley & Sons, Ltd.

compensated by the high negative entropy value resulting
in a low stability constant (K< 10 M�1). The negligible
changes in the absorption spectrum of menadione induced
by the presence of the excess amounts of the a-CD
additionally confirm the formation of weak molecular
complex in this system. Most likely, attractive inter-
actions and hydrogen bonding that are characterized by
exothermal effects and result in the loss of configurational
entropy are responsible for the binding of a-CD with
menadione.


Substitution of hydroxyl groups surrounding the CD
rim by hydroxypropyl groups promotes the complex
formation process (Table 1). Perhaps, these bulky
substituents increase the a-CD cavity dimensions and
the binding of menadione with HP-a-CD becomes more
effective. The complex formation of menadione with
HP-a-CD is characterized by the negative enthalpy and
entropy values (Table 1). Low stability constant of the
HP-a-CD–menadione complex (Tables 1 and 2) is a result
of enthalpy–entropy compensation. Here, the data quality
prevents their detailed interpretation. Probably, van der
Waals interactions and possible hydrogen bonding are the
main source of the negative enthalpy value. Owing to
these interactions severe motional restriction reduces the
internal conformational and positional entropy yielding
the negative entropy change.15


b-CDs consisting of seven glucose units and possessing
the larger cavity diameter in comparison with a-CDs form
more stable complexes with menadione. As compared to
a-CDs, the processes of complex formation of menadione
with native and modified b-CDs are characterized by less
negative DcH


0 values and more positive DcS
0 values. So,


the enthalpy and entropy changes favor the binding of
menadione with b-CDs, whereas the binding with a-CDs
is only enthalpically favorable. Increase of DcH


0 values in
the case of b-CDs can occur due to the prevalence of
positive contribution caused by hydrophobic interactions
and dehydration of the solutes upon the complex
formation. Total entropy change upon binding is the
sum of a change in configuration entropy and change in
solvation entropy.15,16 Positive entropy changes can be
explained by the prevalence of two processes. First of
them is a release of water molecules from the solvation
shells to the bulk solvent. The second one may be an
existence of various complex configurations.15 Thus, the
increase in the number of microstates forms the basis of
entropy enhancement.


The partial substitution of the external hydroxyl groups
of b-CD on hydroxypropyl- and methyl-groups changes
both the diameter and the depth of CD cavity. Therefore,
one can suppose that the insertion of menadione into the
cavity of HP-b-CD and M-b-CD is deeper as compared
with the native b-CD and is accompanied by a more
intensive release of water molecules from the CD cavity
and solvation shells of the solutes into the bulk water
resulting in enhancement of DcH


0 and DcS
0 values. This


assumption will be confirmed below. It is necessary to
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Figure 6. Chemical shift changes for menadione (5�
10�4mol kg�1) protons versus the HP-b-CD concentration


Figure 7. Benesi–Hildebrand plots for complex formation
of menadione (5�10�4mol kg�1) with HP-b-CD in water at
298.15 K


Table 2. Binding constants and asymptotic changes in menadione resonances chemical shifts upon complexation, determined
for all the complexes studied in aqueous solution at 298.15 K


Complex K (M�1)


Ddc (ppb)a


H(3) H(6), H(9) H(7), H(8) H(11)


HP-a-CD/M 32 (�2) 138 (�4) 263 (�7) 150 (�4) 79 (�3)
b-CD/M 224 (�10) 101 (�2) 57 (�1) 157 (�3) 53 (�1)
HP-b-CD/M 251 (�7) 122 (�2) 85 (�1) 142 (�2) 63 (�1)
M-b-CD/M 298 (�9) 142 (�1) 72 (�1) 143 (�1) 70 (�1)
HP-g-CD/M 34 (�6) �0 �0 83 (�7) 43 (�4)


a ppb (part per billion)¼ 10�3 ppm.
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note that the nature of these substitutes influences the
thermodynamic characteristics of complex formation. In
particular, the introduction of more hydrophobic methyl-
substituents results in noticeable decrease of the enthalpy
contribution and increase of the entropy contribution
caused by the hydrophobic interactions, while the hydro-
xypropyl-groups being more bulky and polar have less
pronounced influence on the thermodynamic quantities
(see Table 1).


HP-g-CD comprising of eight glucose units has the
largest cavity diameter. However, binding of HP-g-CD
with menadione characterizing by small negative
enthalpy and small positive entropy changes results in
formation of very weak enthalpy–entropy stabilized
complex. Strong binding does not occur because of poor
host–guest complementarity. Most likely, the cavity of
HP-g-CD is large enough for the retention of menadione
molecule. The similar effects of CD cavity size on the
thermodynamic quantities were found in complexation of
b- and g-CD with naphthalene derivatives. As it was
obtained from calorimetric titrations, b-CD forms rather
stable complexes with 2-naphthalenesulfonate (logK¼
5.37� 0.07) and 4-amino-1-naphthalenesulfonate (logK¼
1.70� 0.03). The use of g-CD causes the decrease of
stability of complexes with 2-naphthalenesulfonate
(logK¼ 1.58� 0.03) and 4-amino-1-naphthalenesulfo-
nate (logK¼ 1.31� 0.08).17


Undoubtedly, the assumptions concerning the inclusion
of menadione inside the CD cavity are based only on the
thermodynamic parameters of complex formation and
require the additional confirmation. Therefore, the NMR
spectroscopy can be the useful technique in this case.


The 1H NMR spectrum of menadione recorded in
D2O consists of the signals of H(3), H(6), H(7), H(8),
H(9), and H(11) protons. The numbering of menadione
protons is presented in Fig. 1. The signals of H(6) and
H(9), as well as H(7) and H(8) are equivalent in the
1H NMR spectrum. Addition of the variable amounts of
HP-a-CD, b-CD, HP-b-CD, M-b-CD, and HP-g-CD
induces the downfield shift of the signals of all menadione
1H resonances. Figure 6 illustrates the concentration
dependence of proton chemical shift changes (Dd)
induced by complex formation of menadione with
HP-b-CD. Conversion of this dependence into the double

Copyright # 2007 John Wiley & Sons, Ltd.

reciprocal Benesi–Hildebrand plot gives a straight lines
(Fig. 7) confirming the formation of 1:1 complexes.14 The
plots analogous to that shown in Figs 6 and 7 were
obtained for systems with HP-a-CD, b-CD, M-b-CD, and
HP-g-CD.
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Stability constants (K) of 1:1 complexes were
determined using Eqn (5):


K ¼ CM � Dd
Ddc � ðCCD � CM � Dd=DdcÞ � ðCM � CM � Dd=DdcÞ


(5)


where CCD and CM are the initial concentrations of CD
and menadione, respectively;Dd is difference between the
experimentally observed chemical shift and chemical
shift of menadione in the free state (Dd¼ dexp� dM), and
Ddc is the difference between chemical shifts of 100%
complexed and free menadione (Ddc¼ dCD�MABA� dM).
The results of nonlinear least-squares fitting are
summarized in Table 2. It is necessary to stress a good
agreement between K values obtained by titration
calorimetry, UV–vis spectrophotometry, and 1H NMR.


Analysis of the chemical shift changes of complex
formation (Ddc) listed in Table 2 together with the
thermodynamic parameters of complex formation
reported in Table 1 yields the information on the binding
mode. As can be seen from Table 2, the signals of almost
all menadione protons are shifted upon complex
formation with CDs under consideration. Comparison
of Ddc values allows to emphasize that the signals of
menadione protons experience the highest changes for
binding with HP-a-CD (Table 2). The noticeable shifting
of the signals of all menadione protons induced by the
addition of a-CD was also observed. In the case of
complex formation with all other CDs the maximal Ddc


values only for H(7), H(8), and H(3) protons were found
(Table 2). This difference can be explained by the
different binding mode of menadione with CDs. Probably,
menadione fits snugly into a-CD cavity and increasingly
loosely in b-CD and g-CD.


High Ddc values for H(7), H(8), and H(3) protons and
low Ddc values for H(6), H(9) and H(11) protons obtained
for complex formation of menadione with b-CDs
(Table 2) allow to suggest that two kinds on inclusion
complexes are formed in aqueous solution. In one of them
the aromatic ring having no methyl-group is incorporated
into hydrophobic cavity, and in the second one, on the
contrary, the ring carrying CH3-group is inserted into
cavity. The possibility of formation of two kinds of
inclusion complexes was found out by Hamai et al.18 for
binding of 2-methylnaphthalene with a-CD. It is
necessary to note that inclusion of menadione molecule
is not deep because of the steric hindrance that can arise
from the ketonic groups in the 1 and 4 positions.
Conclusion regarding the partial location of menadione
inside the b-CD cavity is supported by the hypothetical
model of the b-CD–vitamin K3 inclusion complex
proposed by Berzas Nevado et al.11 on the basis of
calculation of the geometric dimensions of the reagents.
In addition, HP-b-CD and M-b-CD, in comparison with
the unmodified b-CD, induce the larger chemical shift
changes of menadione protons. This observation can be

Copyright # 2007 John Wiley & Sons, Ltd.

attributed to the deeper inclusion of menadione inside the
cavity of substituted b-CDs and is in agreement with the
reported above conclusions based on the thermodynamic
parameters of complex formation.


In the case of HP-g-CD, the Ddc values for H(7), H(8),
and H(11) protons are highest, while Ddc for H(6), H(9),
and H(3) protons are about zero. It means, that HP-g-CD
also forms two kinds of complexes with menadione, but
the penetration of menadione into cavity is shallow.


CONCLUSIONS


The study on interactions of menadione with CDs clearly
demonstrates the formation of 1:1 inclusion complexes in
aqueous solution. Inclusion process is very sensitive to
the size of CD cavity. Thus, b-CDs are more effective
hosts towards the menadione than a-CD and HP-g-CD.
The presence of hydroxypropyl- and methyl-substituents
in the CD molecules promotes the complex formation
process. Native and modified b-CDs as well as the
HP-g-CD form two kinds of complexes with menadione.
In both cases the partial insertion of menadione into
macrocyclic cavity was observed.
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4-iodobenzene (1) is photochromic in the solid state, owing to its
its centrosymmetric structure (P21/c), polycrystalline thin films of 1


show second harmonic generation (SHG). Moreover, this SHG can be reversibly switched by light. Investigations
using confocal microscopy showed that a morphology change occurs when the fundamental beam of a Ti:sapphire
(990 nm, 1.3 ps) is focused on the material, yielding an SHG-active solid. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
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INTRODUCTION


Recently, substantial research has been focused on
compounds that show a light-induced, reversible change
of color. Interest in this phenomenon, known as
photochromism, is due to its potential applications in
information storage, electronic display systems, or optical
switching devices.1


For the first time in 1909, Senier et al.2 observed the
reversible coloration of N-salicylideneaniline derivatives
in the solid state. Nowadays, this family of compounds
(also called anils or Schiff bases) is widely known:3 upon
irradiation in the UV, the yellow crystals change to red
color, which disappears when the crystals are left in the
dark or irradiated with visible light. Anils are very
intriguing molecules, since the presence or absence of
distortion between the two aromatic rings can lead
respectively to photochromism or thermochromism.4


Both phenomena are based on the same intramolecular
enol–keto tautomerism, the former being photochemi-
cally and the latter thermally induced (Fig. 1). Strategies
such as the substitution at aromatic rings by bulky groups
(e.g., tert-butyl) favor photochromism, and also slow
down the thermally induced back reaction from keto to
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enol.5 Moreover, anils are also known for their good
fatigue resistance during photoswitching.6


Among the properties that can be switched by photo-
chromism, we have focused on second order nonlinear
optical (NLO) properties,7 and in particular on second
harmonic generation (SHG). Switching these properties is
of particular interest, since potential applications in
telecommunications can be foreseen such as the devel-
opment of switches or tuneable frequency converters.8


In the present paper, we report the synthesis and NLO
properties of a new photochromic compound, N-(3,
5-di-tert-butylsalicylidene)-4-iodobenzene (1) (Fig. 2).
Although bearing neither strongly electron-donating nor
-accepting groups, thin polycrystalline films of 1 exhibit
efficient photo-induced SHG switching. In order to
further understand the origin of the NLO properties of 1,
investigations were carried out by measuring SHG under
a confocal microscope, and crystal structure of 1 was
determined by X-ray diffraction. The results are
compared with previous ones on the N-(3,5-di-tert-
butylsalicylidene)-4-aminopyridine (2), an analogous
compound which shows both photochromic and NLO
properties (Fig. 2).9


EXPERIMENTAL


Synthesis and characterization


Reagents and solvents were used as received from
Aldrich. Elemental analysis was performed by the Service
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igure 1. Tautomerism of anils. Ar can be a (substituted)
henyl, pyridine, or another aromatic ring
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Figure 2. Formulae of N-(3,5-di-tert-butylsalicylidene)-4-
iodobenzene (1) and N-(3,5-di-tert-butylsalicylidene)-4-
aminopyridine (2)

de Microanalyse du CNRS (Gif sur Yvette and
Vernaison). The 1H NMR spectra were recorded on a
Bruker AC 300 MHz spectrometer and FTIR spectra on a
Thermo-Optek Nexus.


N-(3,5-Di-tert-butylsalicylidene)-4-iodobenzene (1)
was synthesized by condensation of an equimolar amount
of 3,5-di-tert-butyl-2-hydroxybenzaldehyde and 4-iodo-
aniline in a methanol solution containing a catalytic
amount of paratoluenesulfonic acid. Yellow crystals were
obtained after recrystallization in methanol with a 60%
yield.


M.p. 1608C. Anal. Calcd for C21H26INO: C, 57.94%;
H, 6.02%; N, 3.22%; I, 29.15%. Found: C, 57.86%; H,
6.18%; N, 3.21%; I, 28.95%.


1H NMR (DMSO d6, 300 MHz): d¼ 1.27 (s, 9H, tBu);
1.39 (s, 9H, tBu); 7.24 (dt, 2H, J¼ 5.1 Hz, Ar2H); 7.39 (d,
1H, J¼ 2.2 Hz, Ar1H); 7.48 (d, 1H, J¼ 2.2 Hz, Ar1H);
7.78 (d, 2H, J¼ 5.1 Hz, Ar2H); 8.96 (s, 1H, NCH); 13.70
(s, 1H, OH).


Ar1 and Ar2 correspond to aromatic enol and to
aromatic aniline rings, respectively.


IR (cm�1): 1616 (strong, C——N); 1601 (medium,
aromatic); 1574 (strong, aromatic).


To compare the properties with the title compound,
N-(3,5-di-tert-butylsalicylidene)-4-aminopyridine (2) sam-
ples were prepared. The detailed synthesis is described in
Reference [9].

Sample preparation


Polycrystalline powder. Samples for powder test
were made by putting recrystallized powder between
two glass blades.

Copyright # 2007 John Wiley & Sons, Ltd.

Single crystals. Recrystallization by slow evaporation
of methanol yielded single crystals of 1. Crystal size for
X-ray diffraction was 0.3 mm� 0.3 mm� 0.2 mm.


Polycrystalline thin films. Polycrystalline thin films
for spectroscopic and NLO measurements were prepared
by melting the recrystallized powder between two glass
blades. Average thickness was estimated to be around 14
and 23mm respectively for 1 and 2, from weight, area,
and density based upon X-ray data.

Standard SHG measurements


Standard SHG measurements were made at the funda-
mental wavelength of 1907 nm (Nd:YAG nanosecond
laser with a H2 cell under 40 atm), similar to the Kurtz and
Perry powder test.10 SHG intensities of the solids were
compared to that of urea powder.

SHG measurements under a
confocal microscope


SHG was probed with a 990 nm fundamental laser
beam (Ti:sapphire, 1.3 ps, 4 MHz). The beam was
directed to the sample through the oil immersion
objective (Olympus, 100�, NA¼ 1.3) of an inverted
microscope using a dichroic mirror. The SHG was
collected by the same objective, directed through a
band-pass filter (350–650 nm) and focused via an optical
fiber (Ø¼ 400mm) onto a photomultiplier (Hamamatsu,
Microchannel Plate R3809U-50). The optical fiber acts as
a pinhole and gives an axial resolution a few micrometers.
A CCD camera images simultaneously the sample. A
XYZ piezo-stage allows the lateral and axial scanning by
the laser beam. The intensity of the incident laser source
was monitored by a photodiode.

Experiments under irradiation


The photochromic reaction was induced by an Hg/Xe
lamp (Hamamatsu, LC6 Lightningcure, 150 W) equipped
by filters of appropriate wavelengths. By irradiating the
sample directly in the spectrophotometer (Varian Cary 5)
or on the standard SHG test bench (see above), the
photo-induced change of properties was measured in situ.

X-ray diffraction measurements


Data were collected at low temperature on an IPDS STOE
diffractometer using a graphite-monochromated Mo-Ka
radiation (l¼ 0.71073 Å) and equipped with an Oxford
Cryosystems Cryostream Cooler Device. The final unit
cell parameters have been obtained by means of a
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least-squares refinement performed on a set of 2867 well
measured reflections. The structures have been solved
by Direct Methods using SIR92,11a and refined by means
of least-squares procedures on a F2 with the aid of
the program SHELXL9711b included in the softwares
package WinGX version 1.63.11c The Atomic Scattering
Factors were taken from International Tables for X-ray
Crystallography.11d All hydrogen atoms were calculated
on a difference Fourier map and refined using a riding
model. All non-hydrogen atoms were anisotropically
refined.


Drawing of the molecule is performed with the
program ORTEP3211e with 50% probability displacement
ellipsoids for non-hydrogen atoms.

Figure 3. Transmission UV–visible absorption spectra of 1
(a) and 2 (b). Solid line: initial enol form, dashed line: mixture
of enol and keto forms after irradiation at 365 nm. Inset
shows the absorbance change with 365 nm (UV, enol to
keto) and 490 nm irradiation (visible, keto to enol). Spectra of
2 were reproduced from Reference [9] with permission of the
ACS


Table 1. Solid state SHG intensities for different types of
samples


1 2


Polycrystalline thin film 0.1–2 5–10
Polycrystalline powder Øa 3b


Single crystal Øa Activec


Values are given versus urea.

RESULTS AND DISCUSSION


Photochromic properties


The enol isomer of 1 exhibits absorption bands between
250 and 400 nm, both in the solid state and in solution. No
color change was detected upon steady state UV
irradiation in solution. This quite usual behavior of
anils12 is due to the fast thermal fading (k¼ 1.7� 102 s�1)
of the red-colored keto species in solution. UV irradiation
at 365 nm of a polycrystalline thin film evolved a strong
absorption band in the visible area around 480 nm, typical
of the keto form (Fig. 3). Under the conditions described
in the experimental section, an absorption increase of 0.7
at 480 nm was observed. The back reaction can be
induced by irradiation at 490 nm, or thermally by leaving
the sample in the dark. This behavior can be compared to
compound 2. The kinetic data of the thermal reaction was
analyzed by measuring the evolution of the absorbance at
480 nm after UV irradiation. The data were fitted by a
double exponential. Although faster than for 2 (Table 2),9


this thermal reaction is rather slow: k1¼ 4.2� 10�5 s�1


and k2¼ 4.8� 10�6 s�1. This result is in accordance with
those of Kawato et al.5b on analogous compounds
substituted by other halogen atoms, who found out that
heavier substituents slow down the reaction. Alternate
UV–visible irradiation cycles were performed several
times without any noticeable irreversibility of the
absorption changes.

a Ø means ‘below detection limit’.
b From Reference [9].
c No appropriate reference single crystal is available.

Photo-induced switching of NLO properties


First, NLO properties of 1 were investigated at 1907 nm
on a standard SHG test bench. As mentioned in Table 1,
polycrystalline thin films gave an SHG signal, at most
equal to 2 (vs. urea), but there was no detectable SHG
from powder samples or from single crystals. In
comparison the powder test of polycrystalline samples
of 2 yielded an SHG intensity of 10 (vs. urea).

Copyright # 2007 John Wiley & Sons, Ltd.

To test the ability of 1 to switch SHG upon light
excitation, the SHG of a polycrystalline thin film was
followed in situ during UV–visible irradiation cycles. The
SHG change was reversible and reproducible at least for a
few cycles, and the SHG contrast obtained under these
conditions was ca 50% (Fig. 4). Although higher
light-induced or electron-induced SHG contrasts were
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Figure 4. SHG photoswitching of a polycrystalline thin film
of 1 under alternate UV (200–400 nm, 5 mW cm�2) and
visible (488 nm, 3 mW cm�2) irradiations


Figure 5. (a) Unit cell of 1, view along the a-axis, showing a
centrosymmetric structure. Hydrogen atoms are omitted.
(b) ORTEP drawing of 1, showing 50% probability displace-
ment ellipsoids. The molecule is partially disordered on the
C15 N1 O1 atoms with an occupancy factor of 0.64 (solid
bonds)/0.36 (dotted bonds)


Table 2. Thermal back reaction rate constants at room
temperature (298K)


k1 (s�1) k2 (s�1) Reference


F 1.6� 10�2 5b
Cl 1.0� 10�3 5b
Br 1.0� 10�3 1.8� 10�4 5b
I (1) 4.2� 10�5 4.8� 10�6


2 3.6� 10�5 1.8� 10�8 9


F, Cl, Br, and I stand for N-(3,5-di-tert-butylsalicylidene)-4-fluorobenzene,
-4-chlorobenzene, -4-bromobenzene, and -4-iodobenzene.
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reported in solution,13 1 exhibits the highest photo-
induced SHG contrast yet reported in the solid state. For
2, the contrast is 30% under similar conditions.9


Since both the fundamental and second harmonic
beams were outside the absorption bands of both enol and
keto isomers, the SHG change can be attributed to
structural and/or NLO property changes of the material
during the photo-induced reaction, rather than to the
absorption change. The reason that SHG intensity
decreases during the enol to keto reaction is due either
to lower NLO properties of the latter isomer or to
orientation changes.

Structure determination by X-ray diffraction


Since crystallographic structure is closely connected to
SHG properties, and also to some extent to photochromic
properties, structural determination of 1 was performed
by X-ray diffraction.


The relationship between structure and SHG intensity
has been extensively studied.14 It is well established that
a non-centrosymmetric structure is required to get an
active SHG material. Hence, structural determination
usually helps to rationalize solid state NLO properties. 2

Copyright # 2007 John Wiley & Sons, Ltd.

crystallizes in the non-centrosymmetric P32 space group,
compatible with the presence of SHG properties.9


In the case of 1, single crystal X-ray measurements
gave a centrosymmetric monoclinic space group [P21/c,
Fig. 5(a)]. The absence of detectable SHG from
polycrystalline powder or single crystals is consistent
with the centrosymmetry of the structure. The origin of
the SHG in polycrystalline thin films of 1 is unusual,
given the above-mentioned data. Hence further SHG
measurements were performed, as described in the next
section.


The structure of 1 is partially disordered on the C15 N1
O1 atoms with an occupancy factor of 0.64/0.36
[Fig. 5(b)]. As expected for photochromic anils,3 1 is
not planar and the dihedral angle between the two
6-membered rings is 64.48 for the dominant structure. In
thermochromic anils, this angle is close to 08. This general
feature of anils can be illustrated in other halogen-
substituted anils: the 4-bromo-salicylidene-aniline, which
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is photochromic, has a dihedral angle of 42.88 between
the two aromatic cycles,15 and the 4-chloro-salicylidene-
aniline, which is thermochromic, has a dihedral angle of
5.98.16 The complete structural data of 1 is included as a
Supplementary Material.

SHG measurements under a confocal
microscope


In order to get a deeper insight on the SHG mechanism,
behaviors of polycrystalline thin films of 1 and 2 were
analyzed by confocal microscopy.17


The SHG intensity was followed during the Z-axis
scan. At intensities below 2 MW cm�2, 2 exhibits SHG,
but 1 does not. The SHG scan of 2 gives a bell-shaped
curve [Fig. 6(c)]. Although not perfectly symmetrical, its
FWHM is 19mm, which is close to the sample’s thickness
(23mm). When the intensity is increased (>2 MW cm�2),
1 becomes SHG active: the Z-axis scan shows two narrow
peaks separated by a distance of 6mm, which does not
correspond to the initial sample thickness (14mm). When
the beam is immobilized on the sample, a persistent SHG
signal can be recorded.


Figure 6a shows the initial image (area: 80mm�
70mm) of 1 recorded by a CCD camera. When the whole
surface is irradiated by a high intensity laser beam
(>2 MW cm�2), the sample melts at the focal point, and

Figure 6. CCD camera pictures (area: 80mm� 70mm) of 1:
(a) initial form, and (b) newly formed solid after laser-induced
melting (Ti:sapphire, 990 nm, >2 MW cm�2). (c) SHG signal
profile during Z-axis scan for 1 and 2 (for clarity, relative
positions of the two samples have been displaced)


Copyright # 2007 John Wiley & Sons, Ltd.

solidifies with a new morphology when the beam is
removed [Fig. 6(b)]. The new solid does not melt when
the beam is focused on it. It is interesting to note that
when the same procedure is applied to 2, no such melting
or morphology changes were observed. DSC measure-
ments evidenced the existence of (at least) two crystalline
and an amorphous states of 1, and that heat cycles allow
transformation between these forms (A. Spangenberg,
A. Brosseau, R. Métivier, K. Nakatani, unpublished
work). Due to this polymorphism, it is not surprising that
the laser-induced melting–solidification process yields a
new phase of material (apparently crystalline) that is SHG
active, contrary to the initial form. Although experimental
conditions differ, the same transformation probably
induces SHG at 1907 nm (Fig. 4).

CONCLUSION


We have shown that 1 exhibits SHG signal as a poly-
crystalline thin film, even though its single crystal is
centrosymmetric according to X-ray crystallography.
Apparently an SHG-active form of 1 is locally generated
by the fundamental laser beam. Combining this property
with the photochromism, photoswitching of SHG can be
performed efficiently. Some further fundamental exper-
imental and theoretical investigations must be done in
order to explain thoroughly the phase transition mech-
anism in 1 and the structure of its newly created
SHG-active form. Also, as practical applications are
concerned, repeatability of the SHG switching after
several UV–visible irradiation cycles must be improved.
The results presented in this paper encourage us to plan
such investigations.

SUPPLEMENTARY MATERIAL


Structure of 1 is available free of charge at CCDC under the
registration number 635611 (http://www.ccdc.cam.ac.uk).
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ABSTRACT: Recent interest in the electrocatalytic activity of silver towards the reduction of alkyl iodides has led us
to investigate whether the effect is observed in tetrahydrofuran (THF) at room temperature. Using platinum electrodes
in THF for the reduction of alkyl halides at 298 K has been hampered by the solvent window, which ‘obscures’ the
voltammetric signals of interest. In order to overcome these problems, voltammetry has been performed at low
temperature and was shown to extend the voltammetric window, leading to accurate electrochemical analyses and even
novel changes in mechanism(s) of the reactive species following electron-transfer (ET). Herein, it is shown that for a
primary and tertiary alkyl iodide in THF, electroreduction at silver leads to a significant shift in the reduction potential
to more positive values compared to platinum. In addition, following reduction, a characteristic series of oxidation
peaks are observed and are shown to be due to the specific activity of iodide ions towards silver following reductive
cleavage of the parent alkyl iodide. This characteristic feature is not observed with other halide ions: bromide and
chloride. Preparative electrolyses at controlled-potential have suggested that the reduction of the above alkyl iodides is
a one-electron concerted process. The ‘free’ iodide ions act as a monitor of reaction progression, and the
carbon-centred radical either dimerises and/or abstracts a hydrogen atom from the electrolyte/solvent;
1-iodoadamantane giving percentage yields of 58% adamantane and 39% 1,1’-biadamantane, the primary alkyl
iodide, prepared in-house, giving 67% R-H and 25% R-R. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: electrocatalysis; alkyl iodides; silver electrode; tetrahydrofuran (THF); adsorption

INTRODUCTION


The electrocatalytic reduction of organic halides has
received much attention in the last few decades.1–3 Silver
as an electrode material has been found to possess
extraordinary electrocatalytic properties4,5 which have
been utilized in synthetic6–9 and environmental appli-
cations.10–12 The reduction of carbon–halogen bonds has
also attracted much interest as a model process for the
investigation of dissociative electron transfers (DETs)
which occur at ‘inert’ electrodes (for example at platinum
and glassy carbon (GC)).13–15 A catalytic surface such as
silver has been shown to modify the reaction scheme
possibly through the formation of a more favourable
activated complexe(s) and/or interaction of the metal with
the organic halide and its reduction intermediate(s) and
product(s)16 and it has been reported that the electron
transfer and dissociation are concerted yielding directly a
radical and anion. In addition, it has been noted that the
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molecular structure of the organic halide,17,18 the type of
halogen atom,17 the surface morphology of the elec-
trode,19 and adsorption of the reagents and their reduction
products especially halide ions,20–22 all play a role in the
catalytic process. More recently, the effect of the solvent
used in the electrocatalytic reduction of organic bromides
on silver has been investigated.23


Herein, we report on the electrocatalytic reduction of
two organic iodides in tetrahydrofuran (THF); a ‘model’
tertiary alkyl halide: 1-iodoadamantane, I and a primary
alkyl halide, II, prepared in-house, as shown in Fig. 1.
Compound II, being a primary alkyl iodide, provided us
with an inert electrochemical backbone which acted as a
molecular ‘tag’ following ET, thus allowing spectro-
scopic detection and chromatographic separation follow-
ing bulk-electrochemical procedures not seen with
straight chain alkyl halides such as 1-iodopentane.
THF is used as the solvent of choice as it used frequently
in synthetic single electron transfer (SET) reductions as a
‘neutral solvent’ that is, electrophilic attack of inter-
mediates is much lowered in this solvent. The results of
voltammetric analyses using silver electrodes in THF at
298 K were surprising, showing not only a significant shift
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Figure 1. Structures of 1-Iodoadamantane, I, and trans-
1-(3-iodopropoxy)-4-(methoxymethoxy)cyclohexane, II
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of the reduction potential to more positive values as
described by other workers, but also a unique and
characteristic pattern of oxidative iodine-electrochemistry
following reductive cleavage of the alkyl iodide. In
particular, we observed a specific adsorption of iodide
ions24,25 not seen at ‘inert’ electrodes such as platinum.
These are shown to be due to the activity of iodide (I�),
tri-iodide (I�3 ) and iodine (I2) towards the silver surface.
Adsorption has important implications in many fields,
such as corrosion, galvanic deposition, electrosynthesis
and of course, electrocatalysis.25 These features were
observed only when using silver electrodes and appeared
regardless of the type of alkyl iodide used. In addition,
this characteristic feature of iodide ions was not observed
with other halide anions such as bromide and chloride. To
the best of our knowledge, this follow-up electrochem-
istry in THF has not been reported thus far, in contrast to
the extensive investigations of iodide/tri-iodide and
iodine electrochemistry at platinum electrodes in organic
solvents26–30 and in aqueous solutions.31–33 In fact, in
previous reports using aprotic solvents such as aceto-
nitrile, N,N-dimethylformamide, dimethylsulfoxide, ace-
tone, and propylene carbonate, no mention has been given
as to whether or not any follow-up electrochemistry
occurs within the full potential window.23


Finally, controlled-potential, bulk electrolyses are used
to determine the number of electrons, n, involved in the
reduction process at silver and also identify additional
products that are formed and not being electroactive
within the potential window. The ‘free’ iodide ions act as
a monitor of reaction progression, and the carbon-centred
radical either dimerises and/or abstracts a hydrogen atom
from the electrolyte/solvent; I giving percentage yields of
58% adamantane and 39% 1,1’-biadamantane, and II
giving 67% R-H and 25% R-R.

EXPERIMENTAL


Reagents


1-Iodoadamantane, I (Fig. 1) (Aldrich, 98%), tetra-n-
butylammonium perchlorate (TBAP), tetra-n-butylam-
monium iodide (TBAI), tetra-n-butylammonium bromide

Copyright # 2007 John Wiley & Sons, Ltd.

(TBABr), and tetra-n-butylammonium chloride (TBACl)
(Fluka), were used as received without any further
purification. Anhydrous tetrahydrofuran was purified by
filtration through two columns of activated alumina
(grade DD-2) as supplied by Alcoa, employing the
method of Grubbs et al.34 Trans-1-(3-iodopropoxy)-
4-(methoxymethoxy)cyclohexane, II (Fig. 1) was pre-
pared in-house and a brief description of its synthesis is
given below:


Potassium carbonate (560 mg, 4.10 mmol) and sodium
iodide (2.53 g, 16.9 mmol) were added to a solution of the
mesylate: 3-{[trans-4-(methoxymethoxy)cyclohexyl]oxy}
propyl methanesulfonate, (1.00 g, 3.40 mmol) in acetone
(30 ml) and stirred at 40 8C for 6 h. The reaction was
concentrated in vacuo and extracted from saturated
aqueous sodium thiosulfate (50 ml) with diethyl ether
(2� 50 ml). The combined organic extracts were dried
and evaporated under reduced pressure to give II (980 mg,
88 %) as a colourless oil.

Trans-1-(3-iodopropoxy)-4-(methoxymethoxy)
cyclohexane. 1H NMR dH(400 MHz, CDCl3) 4.67
(2H, s, OCH2OCH3), 3.54 (3H, m, cyclohexane CH and
OCH2), 3.37 (3H, s, OCH2OCH3), 3.29 (3H, m, cyclohe-
xane CH and CH2I), 2.02 (6H, m, cyclohexane CH2 and
OCH2CH2), 1.36 (4H, m, cyclohexane CH2);


13C NMR
dC(100MHz, CDCl3) 94.7, 76.7, 74.4, 67.4, 55.2, 33.6,
29.7, 29.3, 4.0; MS m/z (CIþ) 346 (100%, [MþNH4]þ);
HRMS C11H22O3I (MH) requires 329.0614, MHþ found
329.0607 (�2.1 ppm); IR nmax (film)/cm�1 2936, 1454,
1376, 1107, 1043.

Cyclic voltammetry (CV)


Voltammetric measurements were carried out on an
Autolab PGSTAT20 (Eco-Chemie, Utrecht, Netherlands)
potentiostat. A three-electrode arrangement was used in
an air-tight, three-necked electrochemical cell. The cell
with solid electrolyte, was dried in vacuo overnight before
solvent addition and electrochemical experiments. The
working electrodes employed were a 1.71 mm (diameter)
silver electrode (housed in a TeflonTM insulating case),
and a 1 mm (radius) platinum electrode (Cypress
Systems, Inc., KS) with a large area, shiny platinum
wire (Goodfellow Cambridge Ltd, Cambridge) as the
counter electrode. The silver electrode was carefully
polished before use on a clean polishing pad (Kemet, UK)
using 3 mm and 1 mm diamond spray (Kemet, UK). The
platinum electrode was polished using 1.0mm and 0.3mm
aqueous-alumina slurries (Beuhler, Lake Buff, IL). All
working electrodes were then rinsed in de-ionised and
doubly filtered water of resistivity no greater than
18 MV cm, taken from an Elgastat filter system (Vivendi,
Bucks, UK) and carefully dried prior to use. A Fc/FcþPF�


6
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reference electrode was developed for use in THF and at
low temperatures.35 The temperature was monitored and
controlled by an external system (Julabo FT902,
JULABO Labortechnik GmbH, D-77960 Seelbach/
Germany) and in all reactions was kept constant at
295 K �1 K. Typically, the solutions were degassed
vigorously for 5 min using impurity-free argon (BOC
gases, Guildford, Surrey, UK) to remove any trace oxygen
and an inert atmosphere was maintained throughout all
analyses. All solutions were prepared under an atmos-
phere of argon using oven-dried glassware such as
syringes and needles used for the transfer of moistur-
e-sensitive reagents. All voltammetric measurements
were performed inside a faraday cage in order to
minimise any background noise.

Figure 2. Voltammetric response of 1-iodoadamantane, I,

Preparative electrolysis


Controlled-potential, bulk electrolyses were carried out in
a two-compartment cell, the catholyte and anolyte being
separated by a sintered glass frit. The cathode was a
rectangular silver plate (area¼ 6.25 cm2) (Goodfellow,
UK), and the anode, a platinum mesh housed within the
separate compartment with 0.1 M TBAP in THF. A Fc/
FcþPF�


6 reference electrode was used and a shiny silver
wire (250 mm, diameter) (Goodfellow) served as an
‘in-situ’ monitor of the reaction progression. All
electrolyses were vigorously stirred using a magnetic
stirrer bar and the temperature maintained at 295 K �1 K
using an external system (Julabo FT902, JULABO
Labortechnik GmbH, D-77960 Seelbach/Germany).


Saturated aqueous ammonium chloride (2 ml) followed
by water (10 ml) was added to the electrolysed solution
upon reaction completion. Diethyl ether (20 ml) was then
added and the two fractions separated. The organic
fraction was then washed with aqueous hydrochloric acid
(1 M 6� 10 ml), saturated aqueous sodium thiosulfate1


(10 ml), saturated sodium bicarbonate (10 ml), and
saturated aqueous sodium chloride (10 ml). The organic
layer was dried over magnesium sulphate and then
carefully evaporated under reduced pressure especially in
the case of 1-iodoadamantane electrolyses where
adamantane as a product, is known to sublimate in the
rotary evaporator.


The products were identified by a combination of
1H NMR, 13C NMR (Bruker AV400 (400 MHz)
spectrometer), gas chromatography (GC), thin-layer
chromatography (TLC), flash chromatography (acetone/
petrol gradient elution) and mass spectrometry in which
mass spectra (m/z) were recorded in electrospray
ionisation (ESI) mode on a Fisons Platform II. Accurate
mass (HRMS) were recorded under conditions of ESI on a

1Saturated aqueous sodium thiosulfate was added to remove the iodine
which was observed to accumulate significantly in the organic layer
during extractions.
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micromass LCT (resolution¼ 5000 FWHM) using a
lock-spray source.


RESULTS AND DISCUSSION


Cyclic voltammetry of 1-iodoadamantane I
and trans-1-(3-iodopropoxy)-
4-(methoxymethoxy)cyclohexane II


First, a blank voltammogram was obtained to determine
the potential window in THF (0.1 M TBAP) at a silver
electrode. It was observed that the cathodic window
extended from <�0.1 V to ca. �3.5 V relative to Fc/
FcþPF�


6 . Following this, the voltammetric response of I
and II were recorded in separate experiments and the
voltammograms are shown in Figs 2 and 3 respectively.
Cyclic voltammetry is consistent with an n¼ 1 electron
process with values of the transfer coefficient, a in the
range: 0.5 to 0.3. This is in good agreement with previous
literature reports of a values where the breaking of a
carbon–halogen bond is concerted with the electron
transfer process’.16,23 As a function of scan rate, I was
additionally analysed and the voltammograms are shown
in Fig. 4. The reduction of both substrates (peak A) was
observed to occur at more positive cathodic potentials in
comparison to platinum being used as the electrode
material. In the case of substrate II, Fig. 3 shows a small
pre-peak which may be due to the adsorption of the parent
iodide to the electrode surface.16 Upon reversing the
potential i.e., anodically scanning, a series of oxidation
peaks was seen and are shown again by Figs 2 and 3.
Indeed, this characteristic series of peaks is seen in both
cases regardless of whether I or II is analysed. It was
hypothesised that these were due to iodide ions formed

(6.7mM) in THF (0.1M TBAP) using a silver electrode
(1.71mm (diam.)), recorded at a scan rate of 75mV s�1 at
295K. Start scan: �1.0 V, first reverse: �2.2 V and second
reverse: �0.1 V versus Fc/FcþPF�6
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Figure 3. Voltammetric response of trans-1-(3-iodopropoxy)-
4-(methoxymethoxy)cyclohexane, II, (3mM) in THF (0.1M
TBAP) using a 1.71mm (diam.) silver electrode, recorded at a
scan rate of 50mV s�1 at 295K. Start scan: �1.0 V, first
reverse: �3.0 V and second reverse: 0 V versus Fc/FcþPF�6
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following the reductive cleavage of the alkyl iodide. In
order to characterise these, a source of iodide ions was
used.

Cyclic voltammetry of tetra n-butylammonium
iodide (TBAI) at silver


In order to provide evidence for iodide electroactivity
following the reductive cleavage of the alkyl iodide, tetra

Figure 4. Voltammetric response of 1-iodoadamantane, I,
(6.7mM) in THF (0.1M TBAP) using a silver electrode
(1.71mm (diam.)), recorded at various scan rates: 30, 40,
50, 75, 100, 150, 200, 250 and 300mV s�1 at 295K. Start
scan: �1.0 V, first reverse: �2.2 V and second reverse:
�0.1 V versus Fc/FcþPF�6
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n-butylammonium iodide (TBAI) was used as a source of
iodide ions. In addition, it was also of interest to
investigate further the report that the addition of iodide
ions negatively ‘shifts’ the reduction peak potential of a
‘probe’ organic halide molecule, induced by progressive
additions of halide ions.20,36 The voltammograms
following sequential additions of iodide ions are shown
in Fig. 5. It can be seen that no ‘shift’ occurs in the
reduction peak potential (peak A) of the alkyl iodide, II.
However, the oxidation peaks observed previously now
increase with successive additions of iodide ions (peaks
B, C, D). In addition, the cathodic scans show not only a
sharp stripping peak (peak E), but the emergence of an
additional peak, F. From these analyses, a complex
pattern of reactivity can be deduced and so in an attempt
to ‘simplify’ the voltammetry, we used an ‘inert’
electrode material, platinum, in order to remove the
specific interactions of silver with halide ions.

Cyclic voltammetry of tetra n-butylammonium
iodide (TBAI) at platinum


The voltammetric response of a solution of TBAI in THF
using a platinum electrode is shown in Fig. 6. It can be
seen that only two anodic peaks are seen within the
potential window (peaks W and X). These peaks
correspond well to those seen at silver i.e., peaks B
and C and also to previous literature reports on iodide

Figure 5. Characterisation of iodide ions: Voltammetric
response of 1-iodoadamantane, I, (6.7mM) in THF (0.1M
TBAP) using a silver electrode (1.71mm (diam.)), recorded at
a scan rate of 75mV s�1 at 295K. Start scan: �1.0 V, first
reverse: �2.2 V and second reverse: �0.1 V versus Fc/
FcþPF�6 . Tetra n-butylammonium iodide (TBAI) was added
sequentially and the voltammetric response recorded. TBAI
concentrations: (i) 0.14mM, (ii) 2.83mM, (iii) 5.67mM,
(iv) 1.13mM, (v) 1.58mM, (vi) 2.11mM, (vii) 2.59mM,
(viii) 3.16mM, (ix) 3.71mM and (x) 4.75mM
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Figure 6. Voltammetric response of iodide ions (8.5mM
TBAI) using a platinum electrode (1mm (diam.)) in THF
(0.1M TBAP) at 295K. Scan rate: 100mV s�1. Start scan
�2.0 V, first reverse: 0.2 V, second reverse: 0.5 V versus Fc/
FcþPF�6
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activity at platinum in non-aqueous solvents26–29 and also
bromide activity in room temperature ionic liquids
(RTILs).37,38 However, no peak D was observed, even
at lower temperatures, where the anodic potential window
was extended relative to Fc/FcþPF�


6 . The two voltam-
metric peaks for the oxidation of iodide ions are shown
below:


3I� �!�2e�
I�3


2I�3 �!�2e�
3I2


Therefore peaks B and C are consistent with those
observed using platinum electrodes. Peak D however,
must be specific to silver. Analysis of the area under peak
D for TBAI at silver using selected scan rates was
performed and the data are summarised in Table 1. The
values for surface coverage and molecules per cm2 are not
inconsistent with monolayer coverage. Therefore, it is
likely that due to silver having a high affinity for iodide
ions, these are stabilized sufficiently so that the reduction

Table 1. Analysis of peak D at various scan rates following
reduction of TBAI only, in THF (0.1M TBAP) at 298K


Scan rate
(mV s�1)


A.U.P Da


(mC)
Surface coverage


(mol cm�2)
Molecules


(cm�2)


5 9.2 2.1� 10�9 1.3� 1015


10 5.6 1.3� 10�9 0.8� 1015


50 1.5 3.3� 10�10 0.2� 1015


75 1.3 2.9� 10�10 0.1� 1015


a Area under peak D.


Copyright # 2007 John Wiley & Sons, Ltd.

of specifically adsorbed iodide is not observed until much
more positive potentials:


2I�ads � � �Ag �!�2e�
I2 adsð Þ � � �Ag


The origin of peak E is likely due to adsorption of iodine
by the silver or indeed the substrate iodide being
specifically adsorbed as reported by other workers.20–22


With increasing iodide concentrations, peak F is observed
which is most likely due to the increased concentrations
of I2 being generated which can be reduced to I�3 and then
reduced to I�. This latter step now competing with the
former.22

Cyclic voltammetry of tetra
n-butylammonium–bromide
and chloride at silver


To provide further support to the specific affinity of silver
toward iodide ions salts of the bromide and chloride were
analysed voltammetrically at a silver cathode. The cyclic
voltammograms of tetra n-butylammonium bromide and
chloride were recorded and clearly showed only two
anodic peaks contrasting to the case with iodide where
three peaks were observed.

Preparative electrolyses at silver


As the product(s) other than iodide ions are likely to be
redox inactive within the potential window we used
controlled-potential, bulk electrolyses in order to identify
these. In addition, this provided information as to the
number of electrons involved in the reductive process.
Electrolyses were performed on I and II at the potentials
of �1.7 V and �2.2 V respectively. The results are
summarised in Table 2 and experimental details outlined
in section 2.3. Using a silver wire, the voltammetric
response of the electrolysis reaction was monitored
in situ. This showed the decreasing response due to the
alkyl iodide and an increasing and specific response due
to the presence of ‘free’ iodide ions. By using a
chronocoulometric analysis and monitoring, the substrate
peak height as a function of Coulombs passed, the number
of electrons, n, involved in the reduction process was
shown to be 1 in both cases. Electrode filming as reported
by some workers21 was not observed, although extrac-
tions following electrolyses were tailored to incorporate
an aqueous saturated sodium thiosulphate wash to remove
the significant quantities of iodine by-product. The
products were identified by various spectroscopic means;
I gave percentage yields of adamantane (58%) and the
dimer, 1,1’-biadamantane (39%), and II yielded a similar
mixture of RH (67%) and R-R (25%). No starting
material or other significant product(s) were recovered,
each starting material showing a full electrochemical
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Table 2. Results following preparative bulk electrolysis at controlled-potential


Electrolysis no.
Compound


(starting material)
Number of


electron(s) (n) Product(s)
Percentage
yield (%)


1 I 1 Adamantane: 58
1,1’-biadamantane 39


2 II 1 RH: 67
R-R 25


A silver plate was used (A¼ 6.25 cm2) as the working electrode in a two compartment cell separated by a sintered glass frit in which was housed the counter
electrode, a platinum mesh. The reference electrode was a Fc/FcþPF�


6 in THF. THF was the solvent and TBAP (0.1 M) was used as the electrolyte. All reactions
were performed at 295 K under constant stirring using a magnetic stirrer bar and their progress monitored at various points after the passage of X number of
coulombs of charge.


Scheme 1
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conversion. This contrasts well with the previous attempts
at bulk electrolyses using platinum electrodes in THF at
298 K in which a significant fraction of charge passed is
consumed by the solvent electroactivity.

CONCLUSIONS


A summary of the electrochemical activity of alkyl
iodides is shown in Scheme 1 where SH is either solvent
and/or supporting electrolyte in which a hydroge-
n-abstraction reaction may occur. It has been shown that
reduction potentials of alkyl iodides (I and II) in THF at
silver are significantly shifted to more positive values
compared with platinum, consistent with the current
observation of electrocatalytic activity of silver toward
organo-halides. Following a one-electron reduction
process, a unique and characteristic pattern of iodide
electrochemistry is seen. This corresponds to the
oxidation of I� and I�3 species in solution, whilst at
more positive potentials, a specific oxidation peak is seen
corresponding to the oxidation of adsorbed iodide ions,
this potential being much more positive than that of iodide
ions in solution due to the high affinity of silver towards
halide ions. A cathodic peak is seen on potential reversal,
which is likely due to the reduction of adsorbed molecular
iodine—again the stabilisation inferred by silver respon-
sible for this. Comparisons with TBAI at platinum have
shown that such specific effects are indeed, only
obseraved at silver. In addition, other halide ions such
as bromide and chloride do not show this specific

Copyright # 2007 John Wiley & Sons, Ltd.

response. Finally, preparative electrolyses at controlled-
potential have shown that a mixture of reduced monomers
and dimers are formed following the passage of charge
required for a one-electron reduction.
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3. Savéant J-M. Single Electron Transfer and Nucleophilic Substi-
tutions, Vol. 26, Academic Press: London, 1990.


4. Rondinini S, Mussini PR, Crippa F, Petrone M, Sello G. Collect.
Czechoslovak Chem. Commun. 2000; 65: 881.


5. Rondinini S, Mussini PR, Crippa F. Sello G. Electrochem. Com-
mun. 2000; 2: 491.


6. Isse AA, Ferlin MG, Gennaro A. J. Electroanal. Chem. 2005; 581:
38.


7. Isse AA. Gennaro A. Chem. Commun. 2002; 23: 2798.
8. Rondinini S, Mussini PR, Cantu G, Sello G. Phys. Chem. Chem.


Phy. 1999; 1: 2989.
9. Guerrini M, Mussini PR, Rondinini S, Torri G, Vismara E. Chem.


Commun. 1998; 1575.
10. Rondinini S, Vertova A. Electrochimica. Acta. 2004; 49: 4035.
11. Rondinini S, Mussini PR, Specchia M, Vertova A. J. Electrochem.


Soc. 2001; 148: D102.

J. Phys. Org. Chem. 2007; 20: 115–121


DOI: 10.1002/poc







ELECTROCATALYTIC REDUCTION OF ALKYL IODIDES 121

12. Delli E, Kouloumtzoglou S, Kyriacou G, Lambrou C, Chem.
Commun. 1998; 16: 1693.


13. Andrieux CP, Gallardo I, Savéant J-M. J Am. Chem. Soc. 1989;
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ABSTRACT: B3LYP and MP2 quantum chemical calculations on cyclopropylcarbinyl cations fused to various cyclic
and polycyclic architectures are described. ‘Competition’ for delocalization between the cyclopropane and other
cyclopropanes and/or p-systems incorporated into the (poly)cyclic framework to which it is fused was assessed,
primarily through the use of characteristic geometric perturbations to the cyclopropane substructure. For example, a
linear correlation between the orientation of the ‘empty p-orbital’ at the carbocationic center, which is affected by the
nature of the (poly)cyclic framework, and the magnitude of bond elongation in the cyclopropane was observed.
Possible bis- and trishomoaromaticity of some systems was also evaluated using nucleus independent chemical shift
(NICS) and magnetic susceptibility exaltation calculations. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894–3230/suppmat/


KEYWORDS: cyclopropane; polycyclopropane; cyclopropylcarbinyl; carbocation; polycyclic; homoaromatic;


trishomoaromatic; substituent effects


INTRODUCTION


It is well known that the C—C bonds in cyclopropanes
have more p-character than those in less strained
systems.1 This begs the question: to what extent can
such bonds behave like p-bonds and participate in the
stabilization of adjacent cationic centers? This question
has a long history,2,3 and is of particular interest to us in
that terpenoids can be both synthesized and biosynthe-
sized via cationic rearrangement reactions that involve
putative intermediates containing cyclopropane rings.4,5


Although a great deal of studies – both experimental and
theoretical – have explored the ability of cyclopropane
rings to interact directly with carbocation centers,2,3 it is
the purpose of this study to (1) determine the effects of
constraining cyclopropylcarbinyl cation groups in bicyc-
lic structures (Chart 1a), (2) to assess the relative donating
abilities of two different cyclopropanes flanking a single
carbocation center in polycyclic systems that constrain
their relative orientations (Chart 1b), and (3) to define the
geometric and electronic perturbations that are necessary
to allow a cyclopropane ring to out-compete a C——C
p-bond in stabilizing a carbocation center wedged


between them (Chart 1c). We address these issues using
quantum chemical (B3LYP and MP2) calculations.


COMPUTATIONAL METHODS


All calculations were performed with GAUSSIAN03.6


Geometries were optimized without symmetry con-
straints at the B3LYP/6-31G(d)7 and MP2/6-31G(d)8


levels of theory. All structures were characterized by
frequency analysis, and reported energies include
zero-point energy corrections scaled by 0.9806 for the
B3LYP/6-31G(d) level and by 0.9661 for the MP2/
6-31G(d) level.9 All of structures 1–8 and the structures in
Schemes 2 and 3 are fully optimized minima except for
structures 4a-H, 4b-H, 4c-H, and 5c. We have found that
B3LYP and MP2 often produce similar results for
structures of the sort described herein, although MP2
tends to slightly favor more delocalized geometries than
does B3LYP, in accord with previous comparisons of the
two methods.10 GIAO-B3LYP/6-31G(d)//B3LYP/6-31G(d)
and GIAO-B3LYP/6-31G(d)//MP2/6-31G(d) nucleus inde-
pendent chemical shift (NICS(0)) and NICS(1) values
were calculated for selected cations to assess their
aromatic character.11,12 For cations 4a–c, isodesmic
reactions allowed for evaluation of their aromatic nature
based on both aromatic stabilization energies (ASE’s) and
magnetic susceptibility exaltations (L) calculated at the
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CSGT-B3LYP/6-31G(d)//B3LYP/6-31G(d) and CSGT-
B3LYP/6-31G(d)//MP2/6-31G(d) levels of theory.13 Intrinsic
reaction coordinate (IRC)14 calculations were performed
to verify the identity of transition state structure 5c.
Structural drawings were produced using Ball & Stick.15


RESULTS AND DISCUSSION


Geometrically constrained
cyclopropylcarbinyl cations


The simplest cation considered herein (1a2l, Fig. 1)
contains just an ethylene linker (Chart 1). In this system,
the positive charge is highly delocalized through the
interior bond of the cyclopropane ring, which is
accompanied by extensive lengthening of the fused
cyclopropane C—C bond (to�1.7 Å; for comparison, the
internal bond in bicyclo[3.1.0]hexane is 1.52 Å with


B3LYP/6-31G(d) and 1.51 Å with MP2/6-31G(d)) and
concomitant shortening of the attached C—C bond (to
<1.4 Å). Extension of the linker by an additional
methylene group results in carbocation 1b2m (Fig. 1).
In this case, the interior bond is even further lengthened,
reflecting the delicate balance between strain in the
cyclopropane substructure and in the linker.


Fusion of a second cyclopropane ring to 1b, in either a
syn or anti relationship with respect to the first
cyclopropane, results in cations 2a and 2b (Fig. 2),


Chart 1.


Figure 1. Geometries of carbocations 1. Selected distances
(Å) and angles are shown (B3LYP/6-31G(d) in normal text
and MP2/6-31G(d) in bold italics)


Figure 2. Geometries of carbocations 2. Selected distances
(Å) and angles are shown (B3LYP/6-31G(d) in normal text
and MP2/6-31G(d) in bold italics)
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respectively. Note that changing the relative disposition of
the two cyclopropane rings changes which of their bonds
is elongated; in Cs-symmetric 2a, the interior bond of
each is lengthened, while in C2-symmetric 2b, the other
C—C bond adjacent to the cationic center is lengthened,
reflecting the geometric constraints imposed on the
methine center (and its ‘empty p-orbital’) by the two
different tricyclic frameworks. In both 1a and 1b,
cyclopropane C—C bonds are lengthened dramatically,
but in 2a and 2b the interaction is spread between two
cyclopropanes, leading to less bond elongation for each.2


Note also that one cyclopropane ring of 2b can be
preferentially elongated by simply adding a
cation-stabilizing substituent such as a methyl group
(2c Fig. 2), to one of the cyclopropane carbons distal to
the cationic center.


Extending the delocalization?


An alternative mode of fusing a second cyclopropane to
1b is to place the two cyclopropanes adjacent to each
other (rather than to the cationic center), leaving a
methylene between one of them and the methine group.
The resulting syn and anti isomers, 3a and 3b, are shown
in Fig. 3. In the case of cation 3a, the cyclopropane ring
nearest to the methine group essentially opens to produce
a C——C double bond and a new cyclopropylcarbinyl
substructure. Thus, cation 3a contains overlapping
cyclopropylcarbinyl and homoallyl carbocation substruc-
tures. The geometric differences between the hydro-
carbon frameworks of 3a and 3b result in a rather
different situation for 3b. In this system, the delocaliza-
tion is restricted to the first cyclopropane ring, for which
elongation of the interior C—C bond is comparable to
that observed for cation 1b (Fig. 1).


Homoaromatic variants?


Larger systems with three cyclopropane rings surround-
ing a cationic methine group like a pair of calipers have


the potential for trishomoaromaticity. These systems are
related to the cycloheptatrienyl (or tropylium) cation by
the addition of three methylene groups (Scheme 1).16


Several isomers differing in the relationships of their
methylene groups (syn or anti) are possible; the computed
geometries of these structures (4a–c) are shown in Fig. 4.


The extent of elongation of the interior cyclopropane
C—C bonds that flank the methine groups in cations 4a
and 4b is slightly greater than that observed for cation 2a,
and the delocalization appears to be extended through the
distal cyclopropane whose interior C—C bond is
elongated to almost 1.6 Å for both 4a and 4b. Cation
4c is structurally related to cations 2b (anti cyclopropanes
flanking a methine group), 3a (two syn cyclopropanes on


Figure 3. Geometries of carbocations 3. Selected distances
(Å) and angles are shown (B3LYP/6-31G(d) in normal text
and MP2/6-31G(d) in bold italics)


Scheme 1


Figure 4. Geometries of carbocations 4. Selected distances
(Å) and angles are shown (B3LYP/6-31G(d) in normal text
and MP2/6-31G(d) in bold italics)
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one side of a methine group), and 3b (two anti
cyclopropanes on one side of a methine group). Cation
2b displays symmetric elongation of the closest exterior
cyclopropane bonds, cation 3a displays severe elongation
of the closest interior cyclopropane bond and moderate
elongation of the next interior cyclopropane bond, and
cation 3b displays elongation of the interior cyclopropane
bond of one ring, and no elongation in the other ring.
Interestingly, cation 4c exhibits characteristics of both 2b
and 3b, as both the interior and closest exterior bonds of
one (the anti-oriented) cyclopropane ring are elongated.
Note that since the ‘empty p-orbital’ of the methine group
in 4c is roughly aligned with the two elongated bonds of
the anti-oriented cyclopropane, it essentially bisects the
other flanking cyclopropane ring, and therefore no
significant delocalization involving this ring is observed
(Fig. 5).


Since it is not entirely clear from the geometries of
cations 4a–c whether or not they might be aromatic,
several standard methods for probing aromaticity were


Scheme 2


Figure 5. Orbital overlap in cation 4c (cyclopropyl donor
orbitals are approximated here by simple p-orbitals). Note
that the p-orbital of the left cyclopropane ring is aligned with
the empty p-orbital of the cation, while the right cyclopro-
pane is out of alignment
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applied. First, consider cations 4a and 4b. NICS(0) and
NICS(1) values calculated at the GIAO-B3LYP/
6-31G(d)//B3LYP/6-31G(d) and GIAO-B3LYP/
6-31G(d)//MP2/6-31G(d) levels of theory for 4a and
4b are large and negative (Table 1, cf. benzene,
tropylium), indicating a substantial ring current. Differ-
ences between NICS(1) values calculated on the a and b
faces of 4a and 4b are most likely due to the close
proximity of some methylene groups to the points at
which NICS(1) values were computed. For comparison,
the NICS(0) values were also calculated after addition of
a hydride to 4a and 4b.17 NICS(0) values close to zero
would be expected for these new structures (4a-H and
4b-H) if the large NICS(0) values for 4a and 4b were the
result of cyclic delocalization, and this is exactly what is
observed (Table 1). The methylene hydrogens of the distal
cyclopropane ring also have the possibility of being good
reporters on the aromaticity of the ring; however,
interpretation of the computed chemical shifts for these


hydrogens is not straightforward.18 ASE’s were also
calculated (Table 1) based on the isodesmic reactions
shown in Schemes 2 and 3, and the resulting stabilization
energies for 4a and 4b, although smaller than those of
benzene and tropylium, do indicate substantial stabiliz-
ation. Further, magnetic susceptibility exaltations (L)
were calculated from the same isodesmic reactions
at the CSGT-B3LYP/6-31G(d)//B3LYP/6-31G(d) and
CSGT-B3LYP/6-31G(d)//MP2/6-31G(d) levels of
theory,13 and the resulting values (Table 1) again suggest
that cations 4a and 4b are somewhat aromatic.


When the same measures of aromaticity are applied to
cation 4c, the situation is less clear. First, the geometry of
4c (Fig. 4) does not show any lengthening of the C—C
bonds in its distal cyclopropane ring. The NICS(0) and
NICS(1) values computed for 4c (Table 1) are also
considerably smaller than those computed for 4a and 4b,
and the NICS(0) value computed for 4c-H is not very
different than that for 4c. In addition, the magnetic


Scheme 3
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susceptibility exaltation calculated for 4c (Table 1) is
close to zero. These considerations point to a lack of
aromatic character for 4c, but the computed ASE for
this cation is very close to those computed for 4a and
4b (Table 1), likely reflecting the fact that cyclic
delocalization through multiple cyclopropyl groups and
acyclic delocalization involving a single cyclopropyl
group can both be substantial.18 Although we cannot
rule out some aromatic character for 4c, we can say that
if it is at all aromatic, then it is less so than cations 4a
and 4b.


In 1980 Ohkata and Paquette2n described the metha-
nolyses of trishomocycloheptratrienyl 3,5-dinitrobenzoates,
which presumably involve cations 4b and 4c. Cation 4b
was trapped directly as the alcohol and was deemed to be
too short lived to undergo rearrangement.2n Cation 4c on
the other hand was observed to rearrange and was trapped
as a homocyclononatrienyl alcohol in which two of the
three cyclopropane rings had opened.2n This observed
difference in reactivity may speak to the difference in
aromaticity between cations 4b and 4c. Cation 4b appears
to have more ‘aromatic character’ based on our
calculations, and would therefore be less prone to
rearrange, which would result in loss of its aromatic
stabilization. Alternatively, cation 4c appears to have less
‘aromatic character’ and would therefore incur less of a
penalty for rearranging.


If the distal cyclopropane ring in Cs-symmetric cations
4a–b is replaced by a double bond, cation 5a results
(Fig. 6). In this structure, both cyclopropane rings have
essentially fully opened upon geometry optimization to


produce a butadiene-like substructure in close proximity
to an allyl cation-like substructure. If these two
substructures interact strongly, then bishomoaromaticity
may be observed. With a NICS(0) value of �11.6
with B3LYP/6-31G(d) (�17.7 with B3LYP/6-31G(d)//
MP2/6-31G(d)), 5a does appear to possess substantial
aromatic character. Note that the core of structure 5a
resembles a transition state structure for an orbital-
symmetry allowed cycloaddition (although 5a is a
minimum).19


The effect of ring size on the propensity for 5a to
delocalize was probed by replacing the two cyclopropane
rings with cyclobutane and then cyclopentane rings (5b
and 5c, respectively, Fig. 6). Addition of a single
methylene to each linker increases the distance between
the butadiene and allyl cation substructures (5b) and
correspondingly decreases the magnitude of the
NICS(0) (�8.7 with B3LYP/6-31G(d) [�14.2 with
B3LYP/6-31G(d)//MP2/6-31G(d)]). The addition of a
second methylene results in more dramatic changes,
however. The symmetrical structure now becomes a
transition state structure for an orbital-symmetry allowed
[3,4] sigmatropic shift (5c).20 The distance between
the butadiene and allyl cation substructures is
smaller here, but the magnitude of the NICS(0) again
decreases (�6.5 with B3LYP/6-31G(d) [�6.5 with
B3LYP/6-31G(d)//MP2/6-31G(d)]); although one might
expect this geometric change to improve the cyclic
delocalization, it actually serves to create a more
localized C——C double bond in the butadiene substruc-
ture (Fig. 6).


Table 1. Magnetic and energetic measures of aromaticity for cations 4a–c including aromatic stabilization energies (ASE’s) and
magnetic susceptibility exaltations (L) calculated from Schemes 2 and 3


NICS(0)a
NICS(1)aa


face
NICS(1)ab


face


Scheme 2 Scheme 3


ASEb


(kcalmol�1)
Lc


(cgs-ppm)
ASEb


(kcal mol�1)
Lc


(cgs-ppm)


Benzene �9.7 �11.2 — �39.4 �10.6 �37.6 �12.6
�9.7 �11.3 �42.3 �10.9 �40.2 �12.4


Tropylium �6.7 �9.8 — �56.5 �7.4 �33.8 �16.3
�6.7 �9.7 �60.8 �6.8 �42.1 �16.0


Cation 4a �18.4 �8.2 �13.6 �22.5 �10.0 �2.2 �11.1
�18.7 �8.0 �13.0 �25.2 �9.7 �4.4 �11.3


Cation 4b �14.6 �7.5 �9.2 �25.3 �6.1 �2.9 �8.8
�14.6 �7.6 �13.4 �28.6 �5.6 �5.2 �8.8


Cation 4c �6.4 �2.5 �8.0 �23.5 0.3 �0.9 �2.7
�6.5 �2.5 �9.8 �24.4 1.4 �1.0 �2.1


4a-H �0.2 — — — — — —
�0.1


4b-H �1.3 — — — — — —
�1.3


4c-H �4.4 — — — — — —
�3.7


a GIAO-B3LYP/6-31G(d)//B3LYP/6-31G(d) in normal text; GIAO-B3LYP/6-31G(d)//MP2/6-31G(d) in bold italics.
b B3LYP/6-31G(d) in normal text; MP2/6-31G(d) in bold italics.
c CSGT-B3LYP/6-31G(d)//B3LYP/6-31G(d) in normal text; CSGT-B3LYP/6-31G(d)//MP2/6-31G(d) in bold italics.
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Cyclopropane versus alkene


In cations 6b–e (Fig. 7), a C——C double bond is in
competition with a cyclopropane for the opportunity to
delocalize a positive charge.21 The geometry of cation 6b
not only shows clear signs that both moieties interact with
the cationic center, but also that they mitigate each other’s
influence. Compared to the corresponding bond in the
cyclohexenyl cation (6a, Fig. 7), the C——C double bond
in 6b is more localized, and compared to the interior
cyclopropane C—C bond in 1b, the corresponding bond
in 6b is shortened. The balance between these two


cation-stabilizing groups can be tipped in either direction
by adding a methyl group to the alkene or cyclopropane
(6c–d). Note that the methyl group appears to affect the
cyclopropane and alkene to approximately the same
degree, since placing methyl groups on both (see 6e) leads
to a core substructure that resembles that of 6b.


Extending the alkene p-system in structures such as
7a–d (Fig. 8) relieves the burden on the cyclopropane ring
to participate in delocalization.21 This is clear in the
geometries of these structures, all of which have only
slightly elongated interior cyclopropane C—C bonds.


Electron-donating and -withdrawing substituents can
also be used to modulate the involvement of the
cyclopropane ring. Donor substituents (e.g., OCH3 and
N(CH3)2 as in 8a and 8b, Fig. 9) discourage cyclopropane
involvement, while acceptor substituents encourage it
(e.g., CF3 and CN as in 8c and 8d). Thus, the
cyclopropane’s interior C—C distance provides a
measure of the electron-donating ability of the sub-
stituents.


Figure 6. Geometries of carbocations 5. Selected distances
(Å) and angles are shown (B3LYP/6-31G(d) in normal text
and MP2/6-31G(d) in bold italics)


Figure 7. Geometries of cations 6. Selected distances (Å)
and angles are shown (B3LYP/6-31G(d) in normal text and
MP2/6-31G(d) in bold italics)


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 384–394


DOI: 10.1002/poc


390 M. R. SIEBERT AND D. J. TANTILLO







Figure 9. Geometries of carbocations 8. Selected distances (Å) and angles are shown (B3LYP/6-31G(d) in normal text andMP2/
6-31G(d) in bold italics)


Figure 8. Geometries of carbocations 7. Selected distances (Å) and angles are shown (B3LYP/6-31G(d) in normal text andMP2/
6-31G(d) in bold italics)
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Overall trends


One predictor of the extent of delocalization in the
systems we have examined herein is the dihedral angle
between the interior C—C bond of the cyclopropane and
the methine C—H, which is implicitly related to the angle
of the ‘empty p-orbital’ at the cationic center (see blue
and red bonds in Fig. 10). A plot of this dihedral angle
versus interior C—C bond length for all of the
cyclopropane-containing carbocations described herein
(Fig. 10, bottom) shows considerable scatter. However,
these cations sport a variety of different architectures,
which can be divided into families of related structures
(A–E, Fig. 10). For example, families A and E contain
cations with five- and seven-membered rings, respect-
ively, while the remainder of the cations described herein
have central six-membered rings. Family B contains
cations with one cyclopropane fused to a six-membered
ring (1b, 6b–e, 7a–d, and 8a–d) and families C and D
contain cations with two cyclopropane rings. If only
cations B are considered (Fig. 10, top), then a linear


relationship is observed. One interpretation of this trend is
that within series B (which contains some structures
without alkenes, some with, and some with electron-
donating or -withdrawing substituents), the group
competing with the cyclopropane for interaction with
the cationic center modulates involvement of the
cyclopropane by orienting the methine C—H and its
accompanying p-orbital. Although it is not surprising that
the C—H orientation is directly related to the involve-
ment of the cyclopropane and the competing C——C
p-bond, it is not obvious that both groups cannot each,
simultaneously, achieve ideal overlap.


CONCLUSIONS


The calculations described herein show that ring-opening
of cyclopropylcarbinyl cations to homoallyl cations (or
conversion to bicyclobutonium cations22) can be hindered
by the geometric limitations imposed upon simple fusion
to carbocycles. Substantial evidence (geometric, ener-


Figure 10. Plot of the dihedral angle (blue and red, above) versus the interior cyclopropane C–C bond length (red, above) for
cations discussed herein (bottom plot). A¼Cation 1a; B¼1b, 6b–e, 7a–d, and 8a–d; C¼ 2a–c; D¼3a–b; E¼ 4a–c, 5a;
Box¼B3LYP value; Diamond¼MP2 value
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getic, and magnetic; Table 1) shows that cyclic
delocalization can be achieved not only through two
cyclopropane rings (bishomoaromaticity), but also
through three cyclopropane rings (trishomoaromaticity).
Further, involvement of the cyclopropane ring in
stabilizing an adjacent cation can be modulated by
various (‘competing’) cation stabilizers.


SUPPORTING INFORMATION AVAILABLE


Coordinates and energies for all computed structures,
NMR data, and an IRC plot for 5c.


Acknowledgements


We gratefully acknowledge the University of California,
Davis, the donors of the American Chemical Society’s
Petroleum Research Fund (41257-G4), and the National
Science Foundation’s CAREER program (CHE-
0449845) and Partnership for Advanced Computational
Infrastructure (Pittsburgh Supercomputer Center) for sup-
port.


REFERENCES


1. For studies that investigate the presence of electron density off of
the main bonding axes in cyclopropane rings see, for example:
(a) Mollendal H, Frank D, de Meijere A. J. Phys. Chem. A 2006;
110: 6054–6059; (b) Cole GC, Mollendal H, Guillemin J-C.
J. Phys. Chem. A 2005; 109: 7134–7139; (c) Cremer D, Kraka
E. J. Am. Chem. Soc. 1985; 107: 3811–3819; (d) Oki M, Iwamura
H, Murayama T, Oka I. Bull. Chem. Soc. Jpn. 1969; 42:
1986–1991; (e) Joris L, Schleyer PvR, Gleiter R. J. Am. Chem.
Soc. 1968; 90: 327–336; (f) Walsh AD. Trans. Faraday Soc. 1949;
45: 179–190; (g) Coulson CA, Moffitt WE. Phil. Mag. 1949; 40:
1–35; (h) Randic M, Maksic Z. Theor. Chim. Acta 1965; 3: 59–68;
(i) Randic M, Maksic Z. Chem. Rev. 1972; 72: 43–53; (j) Honegger
E, Heilbronner E, Schmelzer A, Jianqi W. Isr. J. Chem. 1982; 22:
3–10.


2. The simple cyclopropyl carbinyl cation (I) has been studied
extensively.2a–c This system can be expanded to contain two
and three cyclopropane rings adjacent to the cationic center (see
cations II, III, and IV below; selected distances shown in Å, with
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INTRODUCTION


The nature of polar substituent effect in aliphatic series,
classified according to the classical English school1,2 as
inductive effect, has been and still is the subject of con-
tinuing discussions.3–15 While all the available exper-
imental data point to the decrease of the magnitude of the
effect with increasing distance between the substituent
and the reaction center, the main issue of discussions
concerns the actual mechanism of the propagation of the
effect along the molecular skeleton. One of the tradi-
tionally considered theories is the so-called sigma
inductive effect theory1,3,12,13 which assumes that the
effect propagates by the successive polarization of the
bonds between the substituent and the reaction center.
This theory does not make any assumption about
the physical nature of the interaction, it only explains
the observed falloff of the effect with increasing distance
between the substituent and the reaction center using the
empirical quantity called attenuation factor f, which
characterizes the weakening of the effect transmitted
through each of n intervening bonds.


log
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¼ rIsI
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f n
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The most serious drawback of this theory is that it is
inherently unable to explain the observed angular depen-
dence of the effect7,9,10,16,17 – the phenomenon which, in
turn, is correctly described by the alternative field-effect
theory. This theory is more deeply rooted in physics and
assumes that the inductive effect is primarily governed by
the electrostatic interactions of charges and dipoles in the
molecule. This approach is best exemplified by the
Kirkwood–Westheimer theory of the dissociation equili-
bria of aliphatic carboxylic acids.18,19 Within this
approach the dissociation of the acids is assumed to be
dominated by the electrical work required to remove the
proton from the molecule of the acid in the electrostatic
field created around the acid by the charged and/or dipolar
substituent.


log
K


K0


� �
¼ 1


ð4p"0"effÞ
em cos u


2:303kTr2


Despite its sound theoretical basis, the practical
application of the Kirkwood–Westheimer equation often
meets with only moderate success. Part of the existing
discrepancies can be certainly attributed to the uncer-
tainties concerning the actual values of the parameters
involved in the theory as, e.g., the quantity "eff which
represents the ‘effective’ permittivity of the molecule
represented by the cavity model,18–20 but the other
deviations reported for ingeniously designed model
series suggest that the reduction of the substituent effect
to electrostatic interactions of localized charges and
dipoles is not apparently realistic enough and that the
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Scheme 1
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modification of the original Kirkwood–Westheimer elec-
trostatic theory would be needed.11


Although the approximate character of the Kirkwood–
Westheimer theory is now widely recognized, much less
consensus exists so far in the question of along what lines
the more realistic theory of inductive effect should be
formulated.


Our aim in this study is to contribute to the existing
debate concerning the nature of inductive effect by the
systematic study of gas phase proton transfer equilibria in
the series of substituted carboxylic acids I–VI
(Scheme 1). Our approach relies on the application of
recently proposed quantum chemical approach21,22 based
on the theory of proton affinity originally proposed by
Longuett-Higgins.23 Within this approach it is possible to
partition the total proton affinity into two contributions
which can be regarded as the theoretical counterparts of
the classical concepts of field- and sigma inductive effect.
The main goal of our systematic study of the substituent
induced variation of the acidity in the series of the above
acids is to evaluate the differences in the transmission of
the substituent effect through the individual molecular
skeletons and contribute thus to the understanding of the
factors responsible for the propagation of the inductive
effect.

THEORETICAL


The traditional approach to the study of inductive effect is
based on the investigation of the substituent induced
variation of experimental dissociation constants char-
acterizing the equilibrium (1), in which the proton is

Copyright # 2007 John Wiley & Sons, Ltd.

transferred from a substituted acid ðAXHÞ to the
unsubstituted conjugated base ðA �ð Þ


0 Þ and vice versa.


AXH þ A
ð�Þ
0 Ð A


ð�Þ
X þ A0H (1)


The above equilibrium can be quantitatively charac-
terized by Eqn (2), which relates the ratio of the
dissociation constants to the differences in the values of
the Gibbs free energies of the proton transfer between the
acid and the conjugated anion for unsubstituted and
substituted acids, respectively.


log
KX


K0


� �
¼ DG0


0 � DG0
X


2:303RT
¼ dDG0


2:303RT
(2)


Most of the experimental data on the substituent
induced variation of the proton transfer equilibria
are available in solution and in fact the study of
the dissociation of 4-substituted bicyclo [2,2,2] octane
1-carboxylic acids in 50% ethanol24 was used for the
introduction of the inductive substituent constants sI.
Despite considerable progress in the quantum chemical
description of acid–base dissociation constants pK in
solution,25–27 the majority of contemporary theoretical
approaches to the study of the inductive effect is based on
the comparison of calculated values of Gibbs free
energies and/or the reaction energies characterizing the
proton transfer equilibrium (1) or other ingeniously
designed isodesmic reactions in the gas phase.13,15,28–31


In addition to this, other theoretical approaches to the
study of the inductive effect have also recently been used
and reviewed.32–38 Despite undeniable progress which
these studies contributed to the elucidation of the
nature and the propagation of the inductive effect, the
disadvantage of the straightforward computational
approaches is that they often yield just numbers but do
not provide the necessary insight into the origin of the
observed effects as offered by simple qualitative models.
In order to remedy the above drawback we have recently
proposed the new theoretical approach21,22 which
combines the advantage of realistic quantum chemical
description with the simplicity and attractiveness of the
qualitative models. As the whole procedure, which is
based on the theory of proton affinity proposed originally
by Longuet-Higgins23 is sufficiently described in the
original studies, we consider it possible to remind briefly
only the basic ideas to the extent necessary for the
purpose of this study.


The first and in fact the only approximation used in our
approach consists in replacing the standard Gibbs free
energies DG0


0 and DG0
X in Eqn (2) by the corresponding


differences in the total energy (3).


log
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As the vibrational (ZPE) and thermal contributions
which cause the difference between DE and DG are
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generally quite small, the use of this approximation in the
series of structurally related molecules is entirely
plausible and widely accepted. The close parallel between
DG and DE is advantageously used also in our study as
the energy differences DE0


0 and DE0
X are the crucial


quantities in the theory of proton affinity.23 According to
this theory, the proton affinity is identified with the work
required to transfer the proton in the electric field of the
molecule (in our case anion) from infinity to its final
position r0 that characterizes the length of OH bond in the
acid. This work can be expressed in the form of the
integral (4)


DW ¼
Zr0
1


@E


@r
dr (4)


This approximation is in fact similar to that used by
Kirkwood and Westheimer,18,19 but while these authors
concentrated only on the electrostatic part of thework, the
formula (4) involves all possible types of electrical work.
In the case of the isodesmic process characterizing the
proton transfer equilibrium (1), the total energy change
we are dealing with is given by Eqn (5)


dDE ¼ DW0 � DWX (5)


whereDW0 and DWX represent the proton affinities (4) for
the non-substituted and substituted acid, respectively.


The key step of the Longuet-Higgins theory consists in
rewriting the general formula (4) in the alternative form (6)


DW ¼
Zr0
1


@Eðr; 0Þ
@r


drþ
Z1


0


@Eðr0; lÞ
@l


dl (6)


Within such an approach the proton transfer is
separated into two steps of which the first step
corresponds to the transfer from infinity to the position
r0 of the vacant orbital localized on the hypothetical
particle with the core charge l¼ 0. The charge of this
hypothetic particle is then, in the second step, continu-
ously increased from 0 to 1. The above two-step process
allows one to rewrite the quantity DW as a sum of two
terms (7)


DW ¼ D"þ Dh (7)


The first term eliminates from the total work the part
due to the difference in the basis set between the
protonated and nonprotonated molecule. This term,
which is in fact equivalent to the well-known counter-
poise correction for the elimination of basis set super-
position error (BSSE),39 is generally very small.
Dominant contribution to DW thus comes from the
second term Dh, which describes the charging process
and whose values characterize the total electrical
contribution to the work associated with the proton
transfer. Using the partitioning (7), the original Eqn (3)
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can be rewritten in the form (8)
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This formula, which still represents the exact
transcription of the formula (3), can be further simplified
for proton transfer equilibria in the series of structurally
closely related molecules. In this case, namely, the BSSE
De is not only negligibly small, but also its values
practically do not vary within the series so that the terms
D"0 and D"X practically cancel each other. The Eqn (8)
thus reduces to the form (9) which implies that the
substituent effect on the proton transfer equilibria is
dominated by electrical interactions.
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Such a conclusion is in fact reminiscent of the original
ideas of Bjerrum40 and Kirkwood,18,19 but in contrast to
these authors who concentrated only on the electrostatic
part of the work, for which approximate analytical
expressions could be derived, the exact Eqn (9), based on
the quantum chemical calculations takes into account all
possible kinds of electrical interactions. Besides describ-
ing more realistically possible interactions, another
advantage of the above approach is that it brings more
detailed insight into the nature of these interactions by
further partitioning of the term Dh into contributions
characterizing electrostatic and polarization part of the
electrical work (Eqn 10).


Dh ¼ DWelstat þ DWpolar (10)


Using this additional partitioning, the Eqn (10) can be
rewritten in the form (11) which suggests that the polar
substituent effect is generally composed of two com-
ponents and the final manifestation of the effect thus may
depend on which of the terms is in a given case
responsible for the observed substituent induced variation
of the acidity.


log
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Thus, e.g., in the series of 4-substituted bicyclo [2,2,2]
octane 1-carboxylic acids,22 the polarization term was
found to be roughly constant. The substituent induced
variation of the acidity of the corresponding acids is thus
primarily due to the electrostatic term approximately
considered by the Kirkwood–Westheimer theory.18,19 On
the other hand the analysis of the gas phase basicity in the
series of ammonia, methylamine, dimethylamine, and
trimethylamine in the same study22 revealed that in this
case it is the electrostatic contribution which is constant,
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Table 1. Calculated values of total energy differences and
the components of their partitioning according to the theory
of proton affinity for the studied series of acids I–VI. Values in
kcal/mol


Series X DE De DWelstat DWpolar


I H 346.960 �9.223 178.538 177.646
Br 340.131 �9.309 171.439 178.001
CF3 340.548 �9.321 172.339 177.530
Cl 340.544 �9.339 172.134 177.749
CN 338.112 �9.212 169.645 177.679
F 341.740 �9.313 173.791 177.262
CH3 346.467 �9.267 177.845 177.889
NO2 337.459 �9.245 169.257 177.447


II H 347.362 �9.242 179.162 177.442
Br 340.080 �9.485 171.470 178.095
CF3 340.174 �9.345 172.224 177.295
Cl 340.577 �9.449 172.350 177.676
CN 337.573 �9.208 169.266 177.515
F 342.077 �9.307 174.490 176.894
CH3 347.095 �9.211 178.578 177.728
NO2 336.870 �9.411 169.083 177.197


III H 344.390 �9.597 175.491 178.497
Br 337.525 �9.730 168.460 178.795
CF3 337.652 �9.735 169.050 178.337
Cl 337.957 �9.790 169.112 178.635
CN 335.123 �9.580 166.157 178.546
F 339.220 �9.666 170.766 178.120
CH3 343.959 �9.637 174.877 178.720
NO2 334.503 �9.377 166.474 177.406


IV H 346.011 �8.571 177.261 177.321
Br 335.937 �9.958 167.197 178.698
CF3 337.456 �8.827 169.060 177.222
Cl 337.095 �9.663 168.904 177.854
CN 334.889 �7.853 164.913 177.829
F 339.440 �9.272 171.816 176.897
CH3 346.580 �8.674 177.511 177.744
NO2 332.839 �8.645 163.842 177.642


V H 347.932 �9.025 180.842 176.115
Br 341.503 �9.218 174.294 176.428
CF3 341.779 �9.118 174.912 175.985
Cl 341.749 �9.283 174.785 176.247
CN 339.574 �9.102 172.416 176.260
F 342.808 �9.226 176.257 175.777
CH3 347.470 �9.120 180.200 176.390
NO2 338.371 �9.250 171.317 176.304


VI H 346.601 �8.615 175.157 180.059
Br 340.137 �8.726 168.468 180.395
CF3 339.362 �8.723 168.044 180.041
Cl 340.590 �8.728 169.133 180.185
CN 337.010 �8.524 165.241 180.292
F 341.956 �8.708 171.169 179.495
CH3 346.580 �8.657 174.774 180.463
NO2 336.016 �8.586 164.273 180.330
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so that the substituent effect is primarily due to
polarization term which is consistent with the expec-
tations of the classical inductive effect theory.


This implies that the interpretation of the field- and
sigma inductive effect as two mutually exclusive
mechanisms of the propagation of polar effects is not
appropriate because the final classification crucially
depends on the particular type of the analyzed reaction
series. With this in mind we report in this study the
application of the above approach to the series of
substituted carboxylic acids I–VI.


COMPUTATIONAL


The analysis reported in this study required several types
of calculations. In the first step it was necessary to
calculate the energy changes characteristic for the proton
transfer equilibria that characterize the substituent effect
on the gas phase acidity in all the studied series of the
acids. For the sake of elimination of the problems with the
eventual conformational ambiguity, the studied set of
substituents X involved only simple groups with axial
symmetry (X¼H, Br, Cl, F, CH3, CF3, CN, and NO2).


These calculations were performed using
Gaussian 0341 at B3LYP/6-31þG(d) level of the theory.
The geometries of all the structures were completely
optimized at the above level and the final ener-
gy-optimized structures were checked by vibrational
analysis to correspond to true minima on the correspond-
ing PE hypersurfaces. The resulting protonation energies
were in the second step subjected to the reported analysis
so as to identify the dominant contributions to the
substituent effect. For this purpose it was first necessary to
eliminate the BSSE De defined as the difference between
the energy of the anion and the energy of the same anion
whose Hamiltonian was, however, modified by the
presence of the ghost orbital localized at the dummy
atom with zero core charge in the position corresponding
to the position of the proton in the neutral acid (Eqn 12).


D" ¼ E0 Að�Þ
� �


� E0 Að�ÞðghostÞ
� �


(12)


Once the BSSE is eliminated, the total electrical work
associated with the proton transfer is given by Eqn (13)


Dh ¼ DE � D" (13)


The resulting values of Dh are then, in the last step,
partitioned into electrostatic and polarization com-
ponents. Such a partitioning is straightforwardly possible
because the electrostatic part of the work is numerically
equal to the value of the electrostatic potential at the
position of the ghost orbital,21,22,42 which is straightfor-
wardly available in the Gaussian package. The comp-
lementary polarization term is then calculated simply as a
difference (Eqn 14).


DWpolar ¼ Dh� DWelstat (14)

Copyright # 2007 John Wiley & Sons, Ltd.

The calculated values of total energy differences,
together with the quantities De, DWelstat, and DWpolar


resulting from the reported partitioning for all the reaction
series I–VI are summarized in Tables 1 and 2.


RESULTS AND DISCUSSION


The traditional approach to the discussion of the nature of
inductive effect is based on the systematic study of the
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Table 2. Values of dDE, and of its components dDe, dDh,
dWelstat, and dWpolar calculated according to the theory of
proton affinity for the studied series of acids I–VI. Values in
kcal/mol


Series X dDE dDe dDh dDWelstat dDWpolar


I H 0.00 0.00 0.00 0.00 0.00
Br 6.83 0.09 6.74 7.10 �0.35
CF3 6.41 0.10 6.31 6.20 0.12
Cl 6.42 0.12 6.30 6.40 �0.10
CN 8.85 �0.01 8.86 8.89 �0.03
F 5.22 0.09 5.13 4.75 0.38
CH3 0.49 0.04 0.45 0.69 �0.24
NO2 9.50 0.02 9.48 9.28 0.20


II H 0.00 0.00 0.00 0.00 0.00
Br 7.28 �0.24 7.04 7.69 �0.65
CF3 7.19 �0.10 7.09 6.94 0.15
Cl 6.79 �0.21 6.58 6.81 �0.23
CN 9.79 0.03 9.82 9.90 �0.07
F 5.29 �0.07 5.22 4.67 0.55
CH3 0.27 0.03 0.30 0.58 �0.29
NO2 10.49 �0.17 10.32 10.08 0.24


III H 0.00 0.00 0.00 0.00 0.00
Br 6.86 �0.13 6.73 7.03 �0.30
CF3 6.74 �0.14 6.60 6.44 0.16
Cl 6.43 �0.19 6.24 6.38 �0.14
CN 9.27 0.02 9.28 9.33 �0.05
F 5.17 �0.07 5.10 4.73 0.38
CH3 0.43 �0.04 0.39 0.61 �0.22
NO2 9.89 0.22 10.11 9.02 1.09


IV H 0.00 0.00 0.00 0.00 0.00
Br 10.07 1.39 8.69 10.06 �1.38
CF3 8.56 0.26 8.30 8.20 0.10
Cl 8.92 1.09 7.82 8.36 �0.53
CN 11.12 �0.72 11.84 12.35 �0.51
F 6.57 0.70 5.87 5.44 0.42
CH3 �0.57 0.10 �0.67 �0.25 �0.42
NO2 13.17 0.07 13.10 13.42 �0.32


V H 0.00 0.00 0.00 0.00 0.00
Br 6.43 �0.19 6.24 6.55 �0.31
CF3 6.15 �0.09 6.06 5.93 0.13
Cl 6.18 �0.26 5.93 6.06 �0.13
CN 8.36 �0.08 8.28 8.43 �0.15
F 5.12 �0.20 4.92 4.59 0.34
CH3 0.46 �0.09 0.37 0.64 �0.28
NO2 9.56 �0.22 9.34 9.53 �0.19


VI H 0.00 0.00 0.00 0.00 0.00
Br 6.46 0.11 6.35 6.69 �0.34
CF3 7.24 0.11 7.13 7.11 0.02
Cl 6.01 0.11 5.90 6.02 �0.13
CN 9.59 �0.09 9.68 9.92 �0.23
F 4.64 0.09 4.55 3.99 0.56
CH3 0.02 0.04 �0.02 0.38 �0.40
NO2 10.58 �0.03 10.61 10.88 �0.27


Figure 1. Dependence of experimental Gibbs free energies
DG0 for the gas phase acidities of the acids I, III, and IV on the
variation of the total energies DE0 characterizing the proton
transfer equilibrium (1). (R2 for the series (I), 0.993; series (III),
0.998; series (IV), 0.979)
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substituent effect on the acidity of aliphatic carboxylic
acid in various, often ingeniously designed reaction
series. This is also the case of the series I–VI for which the
experimental data on the substituent induced variation of
dissociation constants are available.4–6,43–45 Most of these
experimental data were, however, obtained from the
measurements in various solvents and although the results

Copyright # 2007 John Wiley & Sons, Ltd.

within individual series are generally consistent with the
idea of the field-effect, the crudeness of Kirkwood–
Westheimer model makes it difficult to evaluate whether
or to what extent the observed results reflect the inherent
structural effects or whether they can be due to
interference with the specific solvent effects.


In order to eliminate the above uncertainties we report
in this paper systematic theoretical study of inherent
structural effects on the substituent induced variation of
gas phase acidity in the series of substituted acids I–VI.
As the first step of such analysis we first compared
the calculated values of reaction energies DE, with the
experimental values of DG which are available for the
reaction series I, III, and IV.46,47 Such a comparison is
shown in Fig. 1. Given the close parallel shown in the
figure it seems entirely plausible to assume that the
calculated values of DE correctly reflect the trends in
the gas phase acidity also in the series for which the
experimental gas phase data are not available and,
consequently, these values can be used to reliably monitor
the substituent induced variation of the inductive effect in
remaining series II, V, and VI. The efficiency of individual
skeletons to transmit the substituent effect in the ideal
conditions of the gas phase can be characterized by the
values of the transmission factor zJ obtained from the
correlation of the calculated values of dDE for each
particular series J relative to the bicyclooctane series.


dDEJ ¼ zJdDEI (15)


The above correlation is in fact nothing but the
theoretical counterpart of the approach known as the
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Figure 2. The calculated dependence of substituent-
induced variation of reaction energies dDE0 for the series
of cubane carboxylic acids (VI) on the corresponding energy
difference in the series of bicyclo-[2,2,2]-carboxylic acids (I).
(R2¼0.975)
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so-called r–r technique,8,48


log KX


K0


� �
J


log KX


K0


� �
I


’ rJ
rI


¼ zJ (16)


which was used as a general tool for the determination of
the transmission factors of various aliphatic skeletons
using experimental solution pK values.


An example of the correlation (15) for the series of
substituted cubane carboxylic acids is given in Fig. (2),
but similar, equally good correlations are observed for all
the studied series. The statistical parameters of such
correlations for the entire set of acids are summarized in
the Table 3. The inspection of the table shows that in
the majority of cases the substituent effect is in the gas
phase transmitted through individual skeletons with com-
parable efficiency as in bicyclooctane. The only exception
is the series of bicyclo [1,1,1] pentane-carboxylic acids

Table 3. Comparison of theoretical values of transmission facto
with the available experimental data


Series zJ R2 Std. Dev.


I 1.00 1.000 —
II 1.09� 0.01 0.996 0.234
III 1.03� 0.01 0.998 0.151
IV 1.35� 0.04 0.981 0.692
V 0.97� 0.01 0.997 0.176
VI 1.04� 0.03 0.975 0.618


a Taken from Reference [12].
b Taken from Reference [7].
c Calculated from the pK values determined in H2O.


47
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(IV), and our value 1.35 fairly well agrees with the value
1.29 determined from the comparison of experimental gas
phase acidities and a similar value 1.34 was also reported
in the study by Wiberg.49


In order to get more detailed insight into the nature of
the observed substituent effect let us first focus on the
decomposition of the calculated values of dDE according
to the theory of protonaffinity23 (Table 2). The inspection
of this table shows that because of negligibly small and
practically constant values of the BSSE De, the
substituent effect in each of the studied series is
dominated by the term dDh which reflects the electrical
work connected with the proton transfer between
substituted and non-substituted acids. As, however, this
total electrical work has two basic components, it was of
interest to evaluate the role of these components in each
particular reaction series. The general conclusion which
straightforwardly follows from the inspection of the
Table 2 is that the values of the polarization term DWpolar


within each of the series remain practically constant so
that the substituent-induced variation of the acidity is in
all series predominantly due to the electrostatic effect.


The dominant role of the electrostatic field-effect is
also clearly corroborated by the existence of the
correlation between the calculated total energy differ-
ences dDE and the electrostatic terms dDWelstat. An
example of such a correlation involving the data for all the
series of substituted acids I–VI is shown in Fig. (3). In
addition to this straightforward demonstration, the
decisive role of the electrostatic field-effect as the
dominant component of the inductive substituent effect
in the studied series of acids can be also independently
demonstrated by the comparison of the transmission
factors zJ (Eqn. 15, Table 3) with the analogous quantities
vJ derived from the correlation of pure electrostatic
terms (17).


dDWelstat
J ¼ vJdDW


elstat
I (17)


As it is possible to see from the values summarized in
the Table 4, the agreement between both sets of quantities
is practically quantitative. This result is very important
since the near equality of the transmission factors zJ and

rs zJ of individual skeletons calculated according to Eqn (15)


Experimental transmission factors from various solvents


1.00a


1.17a


1.07b


1.51c


0.76a


0.92a
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Scheme 2


Figure 3. Dependence of the total reaction energies dDE0


of the proton transfer equilibria (1) in the series of acids I–VI
on the electrostatic component dDWelstat calculated accord-
ing to theory of proton affinity. (R2¼0.990)
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vJ implies that the propagation of the inductive effect in
all the studied molecules is indeed due to the electrostatic
interactions. Although such a conclusion is very reminis-
cent of the conclusions of many earlier experimental4–11


and also more recent theoretical studies29,35–38 in which
the dominance of the field (through-space) effect as the
primary mechanism of the propagation of inductive effect
was repeatedly advocated, the quantitative agreement of
the calculated transmission factors puts the above con-
clusions on much safer theoretical footing. The reason is
that in contrast to the approximate Kirkwood–Westheimer
model, the above approach is free of any imperfections
because the electrostatic component of the substituent
effect DWelstat is determined directly from the quantum
chemical analysis of the calculated reaction energy. This
deep rooting in the theory is indeed very important since it
opens the way to much more realistic analysis of the
inductive substituent effects and especially to its
confrontation with the existing theories, i.e., both with
the classical Kirkwood–Westheimer theory and the sigma
inductive effect theory.

Table 4. Theoretical values of transmission factors vJ of
individual skeletons calculated from the electrostatic com-
ponents of the substituent effect according to Eqn (17)


Series vJ R2 Std. Dev.


I 1.00 1.000 0.000
II 1.09� 0.02 0.996 0.234
III 1.01� 0.01 0.996 0.214
IV 1.37� 0.04 0.981 0.703
V 0.97� 0.01 0.994 0.255
VI 1.06� 0.04 0.963 0.767


Copyright # 2007 John Wiley & Sons, Ltd.

In order to throw some new light on the above problems
let us focus first on the confrontation of the quantum
chemically calculated electrostatic component of the
effect with the classical Kirkwood–Westheimer theory.
For this purpose we compare the quantum chemically
calculated electrostatic energies DWelstat for each
individual series with the parameter j (Eqn 18)


j ¼ m cos u


r2
(18)


defined in terms of quantities characterizing the
Kirkwood–Westheimer model. The values of these
parameters were determined as follows. The dipole m
characterising the substituent X was approximated by the
calculated dipole moment of the molecule CH3X, and the
distance r and the angle u were taken in each individual
case from the real optimized geometry of the molecule
(Scheme 2).


The parameters of the correlation described by Eqn
(19) are summarized in Table 5.


DWelstat ¼ ajþ b (19)


The inspection of this table shows that although the
actual correlation lines slightly depend on the type of the
reaction series, the differences are not too dramatic and in
view of the crudeness of the assumptions adopted for the
determination of the parameter j, the agreement is really
satisfactory. Given the estimated confidence intervals of
the regression parameters, the differences of the slopes
for the most closely related series I–III and also for
bicyclo [1,1,1] pentane series IV are practically negli-
gible. Slightly higher difference is thus observed only for
the cyclohexane and cubane series (Vand VI) but even in
these cases, the deviations are not too dramatic. This

Table 5. Statistical parameters of the correlation of the
exact quantum chemically calculated electrostatic com-
ponent of the substituent effect DWelstat with the parameter
j derived from the Kirkwood–Westheimer model


Series a b R2 Std. Dev.


I �80.43� 6.69 177.65� 0.460 0.960 0.745
II �81.89� 7.11 178.31� 0.530 0.957 0.863
III �81.96� 6.21 174.63� 0.42 0.967 0.690
IV �86.65� 8.77 176.71� 0.80 0.942 1.291
V �94.72� 7.32 180.10� 0.42 0.965 0.681
VI �94.66� 7.33 174.80� 0.50 0.965 0.803
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Figure 4. Comparison of transmission factors of individual
skeletons in the series of acids I–VI with the predictions of the
field- and sigma inductive effect theory
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result is very interesting since it suggests that no dramatic
modifications of Kirkwood–Westheimer theory are
apparently needed if it is used to describe the inductive
effect in the gas phase.


The most important qualitative expectation that can be
deduced from the classical Kirkwood–Westheimer model
is the inverse dependence of the inductive (field) effect on
the (square of the) distance between the substituent and
the reaction center and as it will be shown the calculated
differences in the sensitivity of individual skeletons to the
transmission of substituent effect (Table 4) do indeed
correspond to what the classical field-effect predicts.
Simple inspection of geometrical parameters of the series
of acids I–VI shows, namely, that the distance between
the substituent and reaction centre is considerably shorter
in the case of bicyclo-[1,1,1] pentane series (IV) than in
the remaining ones and the increased sensitivity of the
skeleton IV thus can straigthforwardly be attributed just
to the above simple proximity effect.


The situation, can be, however, slightly more difficult
in the case of the transmission factors calculated from
experimental solution data. The importance of the solvent
effect on the transmission factors can be estimated from
the comparison of the experimental data also summarized
in Table 3 with the gas phase zJ values. The inspection of
this table shows that although the general trends expected
on the basis of gas phase data are also more or less
reflected in the experimental solution data, some
non-negligible discrepancies are also nevertheless clearly
evident. The most important of such discrepancies
concerns the series of bicyclo [1,1,1] pentane carboxylic
acids (IV), for which the transmission factor estimated
from the experimental pK values in water47 is consider-
ably higher than the analogous factor derived from the gas
phase data. Another higher numerical discrepancy can
also be found in the case of the cyclohexanes series (V)
where, however, the solvent effect contributes to the
reduction of the transmission factor. These differences are
certainly interesting and deserve further analysis but we
are affraid that because of uncertainties in the values of
the effective permitivity of the molecule in the solvent
cavity, the Kirkwood–Westheimer model can hardly
provide more than a kind of approximate phenomen-
ological description. Really convincing and satisfactory
explanation of the solvent effect on the protonation
equlibria will thus have to wait for the elaboration of
reliable procedures of direct inclusion of the solvent into
quantum chemical description.


Although the results of our study clearly identify the
field-effect as the dominant mechanism of the propa-
gation of polar substituent effect on the gas phase acidities
of the studied series of acids, we nevertheless consider it
useful to compare the predictions of the electrostatic
theory also with the expectations derived from the
alternative sigma inductive effect theory. The reason is
that this theory is still occasionally considered and
especially the predictions of the improved model by

Copyright # 2007 John Wiley & Sons, Ltd.

Exner and Fiedler12 were interesting enough to keep the
sigma inductive effect theory still in the play. The
straightforward comparison of both the alternative
theories of inductive effect is available via the confronta-
tion of transmission factor vJ derived from the
electrostatic component of the total energies (Eqn 17)
and/or from the refined Exner12 model of sigma inductive
effect with theoretical transmission factor zJ determined
from the calculated total energy differences according to
Eqn (15). Such a comparison is shown in Fig. 4. As it is
possible to see, the agreement with the electrostatic
theory is nearly quantitative while the sigma inductive
theory, although it also correctly describes the general
trends, is much less precise from the quantitative point of
view and its predictions of the extent of the effect are
strongly overestimated. In connection with this result it is,
nevertheless important to realize, that despite providing
plausible, albeit less precise description of the propa-
gation of the substituent effect, the sigma inductive theory
is clearly inferior to the field-effect theory because of its
lack of a sound physical background. The importance of
this aspect can be best demonstrated on the observed
deviations of the transmission factors derived from the
solutions data in the case of bicyclo-[1,1,1]-pentane and
cyclohexane series. While the field-effect theory is still
able to provide at least phenomenological explanation via
the appropriate choice of effective permitivity of the
molecule in the solvent cavity, the complete lack of such a
flexibility in sigma inductive theory makes its use for the
interpretation of the solvent data really questionable.
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ABSTRACT: Photochromic diarylethene derivatives, 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene
(1), 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (2), and 1,2-bis(2-methoxy-5-phenyl-3-thienyl)
perfluorocyclopentene (3) were prepared to study substituent effects on IR spectra. The origin of the change of IR
spectra due to the substituents may be categorized into (1) change in structure, (2) change in charge distribution, and
(3) new normal modes due to the newly introduced substituent, which was examined by ab initio quantum chemical
calculations. Comparisons between the experimental and computational IR spectra clarified the difference of the
substituent effects between open- and closed-ring isomers. Such understanding should be useful for designing
diarylethene derivatives in use for non-destructive readout by IR light. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: IR spectrum; photochromism; substituent; ab initio; quantum chemical calculation

INTRODUCTION


Photochromism is defined as the reversible photocolora-
tion of a single chemical species between two states
having different absorption spectra, brought about by the
action of an electromagnetic radiation in at least one of
the back-and-forth directions. Photochromic molecules
attract much attention from both fundamental as well
as practical points of view due to their potential for
applications to optical devices such as optical memories
and switches.1 Among photochromic compounds, diary-
lethenes are regarded as the best candidate due to the
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thermal stability of both isomers and their fatigue
resistant properties.2 For practical applications to optical
memory, non-destructive readout capability is indispen-
sable. When the recorded information is readout by
the light which electronically excites the photochromic
compounds, information is lost during the reading
process. Several reports have attempted to avoid it.
One approach uses readout light, which cannot cause
any photoreaction.3–9 We reported IR readout of photo-
chromic recording as non-destructive readout.10 For IR
readout, since the absorption coefficients of IR bands are
absolutely smaller than bands in the UV–Vis regions, high
conversion to the closed-ring isomer at the photostation-
ally state and the complete separation of the IR bands of
open- and closed-ring isomers is indispensable. We have
already shown the IR readout of the multi-frequency
readout of photochromic recording using three different
photochromic compounds and IR readout in the
near-field.11,12 Since we observed the importance of
the general aspects of the IR spectral features of
diarylethene derivatives during this study, we studied
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the substituents effect of open- and closed-ring isomers of
diarylethenes on IR spectra.

RESULTS AND DISCUSSION


Synthesis and UV–Vis spectral changes of
diarylethene derivatives


Diarylethenes 1, 2, and 3 (Scheme 1) were prepared
according to the literature.12–16 Diarylethene 2 has a
methyl group at the 4-position, while 1 has no methyl
groups at that position. Diarylethene 3 has methoxy
groups at the 2-position of each thiophene ring instead of
the methyl group of 1. Absorption maximumwavelengths
and molar absorption coefficients are summarized in
Table 1. Upon irradiation with UV light, these derivatives
show blue coloration that disappeared under visible light
irradiation. They have large quantum yields of cyclization
(coloration) reaction and small quantum yields of
cycloreversion, which is convenient to achieve high
conversion to the closed-ring isomer at the photostationally
state. Although the quantum yield (0.001) of cyclorever-
sion reaction is small, some diarylethenes are reported to
be suitable for photo- memory and recording even in a
single molecular level.17,18

Figure 1. Observed infrared spectra: (a) of open-ring iso-
mer 1a (solid line) and closed-ring isomer 1b (broken line) in
CCl4 solution (1.14�10�2M), and calculated spectra by HF/
6-31G(d); (b) by B3LYP/6-31G(d); (c) of open-ring isomer 1a


Scheme 1. Diarylethene derivatives

Computational analysis of IR spectra


The IR spectra of the open- (a) and closed-ring (b) iso-
mers of diarylethenes 1, 2, and 3 measured in carbon
tetrachloride solutions are shown in Figures 1–3. Spectra
calculated by the Hartree–Fock (HF) method and the
density functional theory (DFT) with the B3LYP
exchange-correlation functional19–21 in Gaussian 0322 are
also shown for 1, 2, and 3. The 6-31G(d) basis set is
employed for both HF and DFT. The frequencies

Table 1. Spectral properties and quantum yields of diarylethene


lmax/nm (e/104M�1 cm�1) f ab


1a 280 (3.56) 0.59 1
2a 262 (2.8) 0.46 2
3a 267 (2.4), 309 (3.3) 0.44 3


Copyright # 2007 John Wiley & Sons, Ltd.

obtained by the HF/6-31G(d) and B3LYP/6-31G(d)
calculations are scaled by a factor of 0.8953 and
0.9614,23 respectively. In the following, we show the results
with C2 symmetry.

derivatives


lmax/nm (e/104M�1 cm�1) f ba


b 575 (1.56) 0.013
b 562 (1.1) 0.015
b 625 (1.5) <1.7� 10�5


(solid line) and closed-ring isomer 1b (broken line)
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Figure 2. Observed infrared spectra: (a) of open-ring iso-
mer 2a (solid line) and closed-ring isomer 2b (broken line) in
CCl4 solution (1.18� 10�2M), and calculated spectra by HF/
6-31G(d); (b) B3LYP/6-31G(d); (c) of open-ring isomer 2a
(solid line) and closed-ring isomer 2b (broken line)


Figure 3. Observed infrared spectra: (a) of open-ring iso-
mer 3a (solid line) and closed-ring isomer 3b (broken line) in
CCl4 solution (5.64�10�4M), and calculated spectra by HF/
6-31G(d); (b) B3LYP/6-31G(d); (c) of open-ring isomer 3a
(solid line) and closed-ring isomer 3b (broken line)
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By comparing experimental and computational IR
spectra, we found that spectra less than 1350 cm�1 are
better reproduced by HF/6-31G(d), but IR spectra
calculated by B3LYP/6-31G(d) better agree with the
experimental results greater than 1350 cm�1. Spectra
deviation calculated by HF/6-31G(d) from the experi-
mental one is especially large for closed-ring isomers due
to the extended double bonds, which require correlation
for the proper evaluation of IR spectra.8 To obtain
accurate IR spectra over the spectral region shown in
Figures 1–3, we need to further consider anharmonicity,

Copyright # 2007 John Wiley & Sons, Ltd.

which is computationally too much demanding for mole-
cules of such size. Thus, in practice, we use HF/6-31G(d)
for less than 1350 cm�1 and B3LYP for greater than
1350 cm�1.


Among experimental IR spectra for the open-ring
isomers, the spectrum of 3a is clearly different from others.
In contrast, the spectra of the closed-ring isomer are similar,
but the spectrum of 2b is relatively different from others.


In the following, we examine the origin of these
differences in IR spectra by comparing the structures as
well as the charge distributions.
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Figure 4. Numbering of atoms and dihedral angles j
(C20–C10–C3–C4) and f (C4–C5–C100–C200)
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Substituent effect on structure


The conformational structures of diarylethenes shown in
Scheme 1 are mainly characterized by dihedral angles j
(C20—C10—C3—C4) and f (C4—C5—C100—C200), as
shown in Figure 4.


The dihedral angles of open-ring isomer 1a are j¼
�56.58 and f¼�38.08 and j¼�44.28 and f¼�25.58
for the HF and B3LYP, respectively. The dihedral angles
of 3a are similar to those of 1a, as shown in Table 2.
In contrast, the methyl group at the 4-position of
thiophene works as a steric hindrance and changes j
and f dramatically.


Dihedral angle j for the closed-ring isomer is not
flexible and thus is less affected by the substituent
difference, whereas dihedral angle f is affected. There-
fore, f of 2b is distinctively different from others
(Table 2).

Substituent effect on charge distribution


Charge distribution is one factor to determine IR intensity,
that is, a normal mode with large vibrational amplitude
of an atom that carries large effective charge and will
have large IR intensity as long as the excitation is
symmetry allowed. Here, we analyze charge distribution
by the generalized atomic polar tensors (GAPT) atomic

Table 2. Dihedral angles j and f defined in Figure 4


j f


HF B3LYP HF B3LYP


1a �56.58 �44.28 �38.08 �25.58
2a �100.48 �103.38 �56.88 �44.88
3a �52.68 �32.68 �36.08 �24.28


Copyright # 2007 John Wiley & Sons, Ltd.

charge.24 The GAPT atomic charge QA of atom A is
defined by


QA ¼ 1


3


@mx


@xA
þ
@my


@yA
þ @mz


@zA


� �
(1)


where (mx,my,mz) is a dipole moment of a system and (xA,
yA, zA) is the position of atom A. Since GAPT atomic
charge QA is given by the change of the dipole moment
due to the change of the position of atom A, it is a
convenient measure to discuss IR intensity. In the
following, we discuss the GAPTatomic charge calculated
by B3LYP/6-31G(d).


The GAPT atomic charges of 1a and 1b are shown in
Figures 5a and 6a, respectively. Both open- and
closed-ring isomers have large charge on the fluorine
atoms (F10, F20, and F30) and fluorinated carbon atoms
(C20 and C30). In addition, relatively large GAPT atomic
charges are found along the delocalized p-orbitals for
closed-ring isomer 1b (C10, C3, C4, and C5). In contrast,
open-ring isomer 1a lacks such a large GAPT atomic
charge except for the fluorinated five-membered ring.
This is the main reason that absorption by 1b is relatively
stronger than 1a in most parts of the 900–1700 cm�1


spectral region.
For Figure 5b and c, the deviation of the charge


distribution from 1a due to the substituent effect is shown.
Similarly, for Figure 6b and c, the deviation of the charge
distribution from 1b due to the effect is shown as well. We
only show deviation larger than 0.02 to clarify the
substituent effect.


The substituent effect on charge distribution is local-
ized near the substituent. The effect is large at the carbon
atom bearing the substituent (C2 for R1 and C4 for R2).
The exception is 2a where the largest change of atomic
charge is found at C20, which might reflect the change of
the dihedral angle j (Table 2). A change in j may
affect the charge distribution at F10 and F20 and thus may
change the atomic charge of C20.


The change in the charge distribution of 3a is much
larger than 3b. This results in a significant increase of the
absolute value of the atomic charges of C2, C3, C4, C100,
and C10 compared to 1a. Consequently, the IR intensity of
the open-ring isomer is much larger than 1a.


The methoxy group carries a large atomic charge (O
�0.861 and C 0.505 for 3a, and O�0.617 and C 0.427 for
3b) compared to the methyl group (C 0.055 for 1a, C

j f


HF B3LYP HF B3LYP


1b �3.3 �3.7 �34.7 �19.3
2b �6.9 �8.3 �64.1 �50.2
3b �5.1 �6.2 �33.7 �17.7
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Figure 5. GAPT atomic charge of open-ring isomer 1a (a) at
heavy atoms. Deviation of charge distribution from 1a due to
substituent effect in 2a (b) and 3a (c). In (b) and (c), only the
value, which is larger than 0.02, is shown


Figure 6. GAPT atomic charge of closed-ring isomer 1b (a)
at heavy atoms. Deviation of charge distribution from 1b due
to substituent effect in 2b (b) and 3b (c). In (b) and (c), only
the value larger than 0.02 is shown
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0.033 for 1b, C 0.076 for R1 of 2a, C 0.050 for R2 of 2a, C
0.027 for R1 of 2b, and C 0.038 for R2 of 2b). Thus,
substituent as itself contributes to the IR spectra. The
atomic charges of hydrogen atoms at R2 of 1a and 3a are
large (0.089 and 0.093, respectively) compared to other
atomic charges of hydrogen atoms.

Peak splitting around 1120 cmS1 for
open-ring isomer


The strong IR band observed at 1128 cm�1 for 1b splits
into two peaks (1120 and 1140 cm�1) for 1a. However,
finding similar features is difficult around 1120 cm�1 for 2

Copyright # 2007 John Wiley & Sons, Ltd.

and 3. The difference is due to the substituent effect,
which will be explained in the following.


The peak at 1128 cm�1 for 1b is mainly due to the
out-of-plane vibration of two carbon atoms in the flu-
orinated five-membered ring. This vibrational mode
can be seen much easier from a top view (Figure 7a).
The large IR intensity reflects the large vibrational
amplitude of the fluorinated five-membered ring, which
has large atomic charges (Figures 5 and 6). On the other
hand, the two vibrational modes at 1120 and 1140 cm�1


for 1a are mainly due to the superposition of the
vibrational mode of 1b at 1128 cm�1 and the CH bending
mode of thiophene but in opposite phases (Figure 7b
and c).
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Figure 7. Calculated vibrational modes of 1: (a) 1189 cm�1 mode for 1b; (b) 1179 cm�1 mode for 1a (c) 1199 cm�1 mode for
1a; (d) 1220 cm�1 mode for 1b; (e) 1227 cm�1 mode for 1b
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The CH bending vibrational modes for 1b are
blue-shifted compared to 1a. Calculated frequencies with
the CH bending mode for 1b are at 1220 and 1227 cm�1


(Figure 7d and e, respectively), which are 30–40 cm�1


blue-shifted compared to the calculated vibrational mode
of 1189 cm�1, which corresponds to the observed
vibrational mode at a frequency of 1128 cm�1. Since
the computational IR intensity of these modes is small (3
and 24 km/mol, respectively), it does not show up in the
IR spectrum.


The blue shift is mainly due to steric hindrance
between the hydrogen atom of the thiophene and the ortho
hydrogen atom of the phenyl group. The distances
between the two H atoms are 2.56 and 2.44 Å for 1a and
1b, respectively. The smaller distance between the two H
atoms for 1b reflects the delocalized p-conjugation for the
closed-ring isomer; the dihedral angle between the
thiophene and phenyl groups is smaller for the closed-ring
isomer than the open-ring isomer (Table 2). The
importance of the dihedral angle has been discussed by
Bianco et al.7b


In contrast, 2 has a methyl group instead of H at the
4-position of the thiophene ring. Thus, there is no
vibrational mode in 2, which corresponds to the CH
bending mode of thiophene in 1. Consequently, there is no
splitting around 1120 cm�1.

Copyright # 2007 John Wiley & Sons, Ltd.

Molecule 3 has an identical situation for 4-position of
the thiophene ring. However, we do not find splitting
in the spectrum. This might be due to the difference
between the atomic charges of 1a and 3a at C4 (Figure 5).
The difference may cause the change of frequency of the
CH bending mode of thiophene.

Peak around 1280 cmS1


The IR spectra of the open-ring isomers also have similar
band around 1280 cm�1. From the experimental IR
spectra, it is evident that the band consists of vibrational
modes assigned to the calculated modes of 1283, 1287,
and 1309 cm�1 for 1a (Figure 8a–c, respectively). These
three modes are attributed to the stretching mode of C—C
in the fluorinated five-membered ring, the CH bending
mode of thiophene, and the CH bending mode of the
phenyl group but with different combinations, as depicted
in Figure 8. Similar vibrational modes are found for 3a,
but due to the existence of the methyl groups, the CH
bending mode of thiophene is missing for 2a. The
closed-ring isomer also has similar vibrational modes,
which however do not have large IR intensity due to the
different charge distribution. Therefore, significant con-
trast between open- and closed-ring isomers is found
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Figure 8. Calculated vibrational modes around 1280 cm�1: (a) 1283 cm�1 mode for 1a; (b) 1287 cm�1 mode for 1a;
(c) 1309 cm�1 mode for 1a; (d) 1279 cm�1 mode for 2b
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around this band for 1 and 3. The IR spectrum of
closed-ring isomer 2b shows a weak band due to a
different mode (Figure 8d). This vibrational mode has a
component of methyl groups and thus is different from the
vibrational mode of other closed-ring isomers 1b and 3b.

Peak around 1340 cmS1


Experimentally, the peak around 1340 cm�1 is always
found for Figures 1–3. The vibrational mode is only
slightly affected by the substituent effect as well as by the
open- and closed-ring isomers. The corresponding vibra-
tional modes of 2a and 2b are shown in Figure 9. (The
vibrational modes of 1a, 1b, 3a, and 3b are similar.) The
IR band is assigned as the stretching mode of the C—C
bonds of the fluorinated five-membered ring (C20 and
C30). The atomic charges of C20 and C30 are large and the
changes of the atomic charges due to the substituent effect

Figure 9. Calculated vibrational modes of 2: (a) 1367 cm�1 mo


Copyright # 2007 John Wiley & Sons, Ltd.

and isomerization are relatively small (Figures 5 and 6).
The change of the structure in 2a and 2b is also unlikely to
affect the frequency of this vibrational mode. Therefore,
the peak is always found around 1340 cm�1.


Peak around 1400 cmS1


Experimentally, no peak was found around 1400 cm�1


except 3a. This mode is assigned to the calculated mode
of 1376 cm�1 with the C—C stretching mode of C10—C3
and C3—C4, the C—O stretching mode of C2—O, and
the CH bending mode of the methoxy group (Figure 10a).
Since the methoxy group plays an important role in
vibration, this mode is not found for 1 and 2. Since the
mode involves the vibration of C2, and since cyclization
intrinsically changes the vibration around C2, there is no
similar vibrational mode in 3b, either. Large IR intensity
is due to the vibrations of C2 and C3, which have large
atomic charges (Figure 5).

de for 2a; (b) 1349 cm�1 mode for 2b
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Figure 10. Calculated vibrational modes of 3a: (a) 1376 cm�1; (b) 1466 cm�1; (c) 1499 cm�1


SUBSTITUENT EFFECT OF DIARYLETHENES ON IR SPECTRA 1005

Peaks around 1500 cmS1 for
open-ring isomer 3a


Open-ring isomer 3a shows two major peaks around
1500 cm�1 unlike other open-ring isomers 1a and 2a. The
lower frequency mode is assigned to the calculated mode
of 1466 cm�1 (Figure 10b), which is the CH bending
mode of the methoxy group. Therefore, the peak is only
found in 3a. Higher frequency mode is assigned to the
calculated mode of 1499 cm�1 (Figure 10c). This mode
consists of the stretching mode of the C——C bond of
thiophene, the stretching mode of the C2—O bond, and
the CH bending mode of the methoxy and phenyl groups.
In this case, the peak is only found in 3a and has large IR
intensity just like the 1400 cm�1 mode.

CONCLUSION


We examined the substituent effect on the IR spectra of
diarylethene. The substituent effect is categorized into
three types: (i) it changes the stable conformational
structure of the molecule, which mainly results in the
change of vibrational modes; (ii) it changes the charge
distribution, which mainly results in the change of IR
intensity; (iii) it creates new vibrational modes. We
investigated overall spectral differences as well as specific
modes around 1120, 1280, 1340, 1400, and 1500 cm�1,
and substituents effects are clearly assigned to these three
categories. With the compounds investigated here, peaks

Copyright # 2007 John Wiley & Sons, Ltd.

are found at similar positions such as 1280 cm�1. The
vibrational modes of these peaks are hardly affected by
the substituents. GAPTatomic charge analysis is effective
for understanding IR intensity. By careful examination of
structure and charge distribution, we are able to design
diarylethene derivative with modes like 1400 cm�1 in 3a
with larger IR intensity.

EXPERIMENTAL


General methods


Absorption spectra were measured using a Hitachi
U-3410 spectrophotometer. UV light was irradiated using
a TOPCON PU-2 black light. Visible light irradiation was
carried out by using an Ushio 500W high-pressure
Mercury lamp with a Toshiba Y-50 cut-off filter. IR
spectra were measured using a Horiba FT-710 FTIR
interferometer. To obtain the IR spectra of the closed-ring
isomers, the closed-ring isomers were isolated on a
preparative TLC (Merck 1.11798.0001) by using hexane
as an eluent.


Computational details: Molecular structures were
optimized and vibrational analysis performed by the
HF method with 6-31G(d) basis set in Gaussian 03,
Revision C.02.22. In addition, the same procedures were
performed by DFTwith the B3LYP exchange-correlation
functional.19–21 Calculated frequencies were scaled by
0.895323 and 0.961423 for HF and B3LYP, respectively.
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ABSTRACT: Facile graph theoretical MO solutions are demonstrated. The dihedral angles between the azulene units
at the bridging bond in biazulenes were determined byMM2 calculations. Polyazulenes are predicted to be conductive
only via the polaron mechanism. Polaron conduction in 1,3- and 2,6-polyazulene is qualitatively predicted to be more
facile than in 4,8- and 5,7-polyazulene. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Azulene (C10H8) is probably the smallest isolable organic
compound having an intense color (blue). Naphthalene,
its closest isomer, is colorless. This fact alone is
responsible for the considerable interest in azulene.1


Also, azulene is a nonalternant hydrocarbon (nonAH) and
naphthalene is an alternant hydrocarbon (AH). AHs have
no odd size rings and obey the pairing theorem, whereas
nonAHs do not obey the pairing theorem and are
invariably more polar than their AH isomers.2 The
Ullmann reaction has been used to synthesize
2,2’-biazulene and related isomers.3 HMO calculations
have also been performed on 2,2’-, 4,4’-, and 5,5’-
biazulene.4 Treatment of a 4:1 mixture of 1-bromo- and
1,3-dibromoazulene with NiBr2(Ph3P)2, Zn, and Et4NI
gave biazulene, terazulene, and quarterazulene; reductive
coupling of 1,3-dibromoazulene gave polyazulene.5 Thus
intensely colored 1,3-polyazulene oligomers (Fig. 1) have
been synthesized. The synthesis of 1,3-polyazulene was
accomplished by reacting 1,3-dibromoazulene with
Ni(COD)2 and was characterized as having an average
molecular weight corresponding to 130 azulene units.6


The 1H NMR and FT-IR spectra of 1,3-polyazulene show
signals similar to azulene. 1,3-Polyazulene was made
significantly conductive by exposure to iodine or
trifluoroacetic acid vapor for several days. Protonation
of 1,3-polyazulene by trifluoroacetic acid followed by
oxidation was found to exhibit high conductivity and
paramagnetic properties via formation of cation radicals


(polarons). The electronic structure of 1,3-polyazulene
has been studied by the SCF method for both its neutral
and oxidized states.7 These calculations suggested that
positive net charges of the oxidized states are mainly
localized in the seven membered rings and that in the
polaron state the charge and spin parts are in separate
rings of azulene unit. While 1,3-polyazulene has been
extensively studied, the remaining symmetrical poly-
azulene polymers have not yet been considered (Fig. 1).


The current objective is to study the relative electronic
properties of symmetrical biazulene and polyazulene
isomers. Using graph theoretical methods, the electronic
properties of polyazulenes presumed to have coplanarity
between their azulene units are first computed. Then the
dihedral angles between the two bridging azulene units of
the biazulene isomers are determined by MM2 calcu-
lations. These dihedral angles are used to model
noncoplanarity of the various polyazulene isomers. The
electronic properties of the polyazulenes in which the
azulene units are coplanar versus those having their
azulene units uniformly twisted are compared.


RESULTS AND DISCUSSION


Facile calculation of the molecular orbitals
(MOs) of azulene


The eigenvalues (energy levels) of azulene are given
in Fig. 2 which shows the antisymmetric (right-hand
mirror-plane fragmentation)8 and symmetric eigenvalues
(deduced from the algorithmic application of this equation:
–XCiuþCirþCisþCit¼ 0 per Fig. 3).9 From the results in
Fig. 2, it is apparent that the irreducible substructure
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determined for symmetrical eigenvectors and the left-hand
mirror-plane fragment both give the same eigenvalue set.
Here it is important to note that the number of eigenvalues
in the right-hand fragment (McClelland subgraph) is equal


to the number of antisymmetric eigenvalues. Both
mirror-plane fragmentation and the equation in Fig. 3
lead to computational simplification by exploiting the C2v


symmetry of the azulene unit in polyazulene.


......


...
...


...
...


... ... 2,6-polyazulene


1,3-polyazulene


4,8-polyazulene


5,7-polyazulene


Figure 1. Polyazulene polymers in a linear staggered conformation


molecular graph
of azulene
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d
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X -2      0      0     0    0
-1     X    -1       0     0    0
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 0      0     -1     X    -1    0
 0      0      0     -1     X   -1
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= 0
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-1.5792
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Figure 2. The irreducible subgraph and the lefthand mirror-plane fragment of azulene are identical
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Facile molecular orbital (MO) solution of
conjugated polymers


The methodology used for solution of azulene above
(Fig. 2) will be employed in the determination of
the symmetrical eigenvalues for conjugated polymers.


The recursive application of the above equation (Fig. 3)
on the monomeric unit of conjugated polymers was
shown to coincide with the density of states as determined
via the method of Hosoya and coworkers.9,10 In this
paper, Hosoya and coworkers noted that because of a
theorem which states that the density of states is
independent of the boundary condition,11 it is standard
practice to use cyclic boundary conditions for the analysis
of linear polymer systems. These workers demonstrated
that the presence of a zero HOMO – LUMO band gap in
certain classes of polymer networks is predicted by the
existence of non-bonding MO (NBMO) in their
hypothetical cyclic monomer (k¼ 0) or dimer (k¼ 0,
1), with the cyclic monomer being equivalent to the
Hückel cyclic unit and the cyclic dimer being equivalent
to the Möbius cyclic unit.12 While the eigenvalues of the
Hückel cyclic monomer (k¼ 0) are present in all cyclic
sizes and thus the infinite cyclic polymer strip, the
eigenvalues of the Möbius cyclic unit corresponds to the
Hückel cyclic dimer (k¼ 0, 1) exclusive of the
eigenvalues for k¼ 0 and are present in the cyclic dimer
(2kp/n¼ 2p/2¼p), all even cyclic units, and the infinite
cyclic polymer strip 2kp/n¼ 2(1 – 1)p/1¼p]. It was
shown that recursive application of the equation in Fig. 3


r


st


u


−XiCiu + Cir + Cis + Cit = 0


general vertex  u


Figure 3. The general relationship for any given molecular
graph vertex u and its eigenvector coefficient Ciu for any
ith eigenvalue Xi belonging to the molecular graph


1


1


1


X10 − 12X8 − 2X7 + 46X6 + 12X5 − 67X4 − 22X3 + 32X2 + 12X = 0


X10 − 12X8 + 46X6 − 4X5 − 68X4 + 16X3 + 33X2 − 12X = 0


X10 − 12X8 − 2X7 + 48X6 + 12X5 − 75X4 − 16X3 + 43X2 + 4X − 4 = 0


X10 − 12X8 + 48X6 − 2X5 − 78X4 + 2X3 + 50X2 + 2X − 9 = 0


1


−2.2308     0.4773
−2.0953     1.2131
−1.2766     1.3557
−0.7376     1.5073
−0.6960     2.4831


−2.3028     0.0
−1.8231     1.0
−1.1976     1.3028
−1.0           1.7825
−0.3910     2.6291


−2.41421   0.41421
−1.73205   1.0
−1.5616     1.0
−1.0           1.73205
 0.0           2.5616


−2.1935     0.2950
−1.7203     0.9239
−1.3308     1.1935
−1.2950     2.0
−0.3775     2.5047


Figure 4. Hückel cyclic monomers (k¼ 0) of 2,6-, 1,3-, 4,8-, and 5,7-polyazulenes and their characteristic polynomials where
looped bond has a weight of 1
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gives the symmetric eigenvalues characteristic to the
Hückel (monomer, k¼ 0) cyclic unit,9 and herein it will
be shown that this equation can also be adapted to give the
symmetric eigenvalues characteristic of the Möbius
(dimer, k¼ 1) cyclic unit.


Facile solution of the cyclic monomer and
dimer of various polyazulenes


The characteristic polynomials for the Hückel cyclic
monomer (k¼ 0) and the Möbius cyclic monomer (k¼ 1)
for the polyazulenes in Fig. 1 are given in Figures 4 and 5,
respectively. These characteristic polynomials and corre-
sponding eigenvalues are for planar conformations of the
polyazulens in Fig. 1. In the following, we will detail
facile solutions to the symmetric and antisymmetric
eigenvalues corresponding to these molecular systems.
We will see that for nonAHs, the symmetric eigenvalue
singular points for the density of states belonging to
the band gap was given by the cyclic monomer
(Hückel cyclic monomer) for infinite 1,3-, 4,8-, and


5,7-polyazulenes but for infinite 2,6-Polyazulene it was
given by the cyclic dimer (Möbius cyclic monomer).


The equation in Fig. 3 will be deployed to obtain the
symmetric eigenvalues for the Hückel cyclic monomers
andMöbius cyclic monomers, where the latter application
is new; here it needs to be stressed that the eigenvalues of
the cyclic monomer (k¼ 0) are present in all cyclic sizes
and the eigenvalues of theMöbius cyclic monomer are the
eigenvalues present in the Hückel cyclic dimer (k¼ 0 and
1) exclusive of those for k¼ 0. Figures 6 and 7 give all the
corresponding symmetric eigenvalues for these mono-
mers and dimers, respectively. To adapt the application of
the equation in Fig. 3 to Möbius cyclic monomer systems
(Fig. 5), it needs to be noted that looped bond has a
negative weight, thus accounting for the minus sign for
the symmetric eigenvector coefficient in Fig. 7. For Fig. 6,
a number of points should be noted. First, since these
eigenvalues are present in all cyclic sizes, the smallest
negative eigenvalues (�0.3910, 0, and�0. 3775b) in 1,3-,
4,8-, and 5,7-polyazulene (last three mers) correspond to
the LUMO of these infinite (and finite) systems; these
negative eigenvalues are smaller than the negative
eigenvalues present in Fig. 7. Second, the repeat unit


−1


−1


−1


−1


X10 − 12X8 + 2X7 + 50X6 − 16X5 − 83X4 + 34X3 + 44X2 − 12X − 8 = 0


X10 − 12X8 + 50X6 − 84X4 + 49X2 − 8 = 0


X10 − 12X8 + 2X7 + 48X6 − 16X5 − 71X4 + 32X3 + 27X2 − 8X − 4 = 0


X10 − 12X8 + 48X6 − 2X5 − 70X4 + 10X3 + 26X2 − 6X − 1 = 0
−2.1068     0.4773
−2.0953     0.5273
−1.6621     1.3557
−0.7376     2.0764
−0.1144     2.2796


−2.2651     0.7429
−2.0           1.0
−1.7650     1.5223
−0.61803   1.61803
−0.4073     2.1723


−2.1940     0.5176
−1.9318     0.8106
−1.5940     1.5904
−0.8106     1.9318
−0.5176     2.1940


−2.3541     0.6938
−2.0615     0.8139
−1.6431     1.3375
−0.4194     1.7640
−0.3963     2.2653


Figure 5. Möbius cyclic monomers (k¼1) of 2,6-, 1,3-, 4,8-, and 5,7-polyazulenes and their characteristic polynomials where
the looped bond has a weight of �1


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 395–409


DOI: 10.1002/poc


398 J. R. DIAS







for 4,8-polyazulene (third mer from the top in Fig. 6) has
distinct paired eigenvalues of �H3, 1.0, and 0 b and
complementary eigenvalues of 1


2
(H17� 1) which are


present in all cyclic sizes. Recursive application of the
relationship9 given in Fig. 3 allows us to easily obtain
the corresponding eigenvectors for these eigenvalues
which wewill now illustrate. These eigenvalues belong to
symmetrical eigenvector set. Consider the third structure
in Fig. 6. Starting with the zero eigenvalue (X¼ 0), the
sum of the coefficients at position a must sum to zero
(bþ b¼ 0) and comply with the C2 symmetry axis which
means that b¼ 0. For position b, the sum of the
coefficients is aþ c¼ 0 or c¼�a. Proceeding to position
c, we obtain bþ cþ d¼ 0 or c¼�d and d¼ a. Going to
position d, we obtain cþ eþ d¼ 0 or e¼ 0, and finally for
position e, we obtain dþ f¼ 0 or f¼�a. Assigning a¼ 1
gives the unnormalized eigenvector (First structure in
Fig. 8) for the zero eigenvalue of 4,8-polyazulene.


Application of this recursive procedure for the
eigenvalue of one (X¼ 1) in the 4,8-polyazulene mer


(Fig. 6) is further illustrative, since the use of the equation
in Fig. 3 will require one additional parameter. The
recursive application of this equation while noting proper
symmetry, one can easily determine the corresponding
symmetrical eigenvector coefficients for integer and surd
eigenvalues. Starting at position a, we obtain�aþ 2b¼ 0
or a¼ 2b. Proceeding next to position b, we obtain
a – bþ c¼ 0 or c¼�b. Going to position c, we obtain
– cþ bþ cþ d¼ 0 or b¼�d. Operating on position d
gives – dþ cþ dþ e¼ 0 or e¼ b. Finally, operating on
position e gives – eþ dþ f¼ 0 or f¼ 2b. Setting b¼ 1 gives
the eigenvector coefficients shown in Fig. 8 (2nd structure).


The right-hand fragment (McClelland subgraph) in
mirror-plane fragmentation gives the antisymmetric
eigenvalues of the corresponding molecular graph.
Figures 9 and 10 give the mirror-plane fragments to
all the respective cyclic monomers in Figures 6 and 7
and their corresponding antisymmetric eigenvalues.
The McClelland subgraphs with characteristic poly-
nomials and corresponding eigenvalues for the Hückel
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Figure 6. Solution of the Huckel (k¼ 0) repeat unit of polyazulenes recursively using the equation in Figure 3 to obtain the
symmetric eigenvalues
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Figure 7. Solution of the Mobius (k¼ 1) repeat unit of polyazulenes recursively using the equation in Figure 3 to obtain the
symmetric eigenvalues
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Figure 8. Select symmetric eigenvectors for 1,3-, 4,8-, and 5,7-polyazulenes computed using the relationship given in Figure 3
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cyclic monomers in Fig. 9 can be found in Table 2.1 of
reference 13. As it is evident form the first structure in
Figures 9 and 10, both the Hückel and Möbius cyclic
monomers for 2,6-polyazulene have the sameMcClelland
subgraph making the cyclic dimer doubly degenerate in
these eigenvalues.


The only polyazulene in Fig. 1 that can be mirror-plane
fragmented is 2,6-polyazulene (top structure). In fact,
2,6-polyazulene has multiple McClelland subgraphs, one
for each mer and this subgraph is the right-hand fragment
shown in Fig. 2 for azulene (�2.0953, �0.7376, 0.4773,
and 1.3557b). Thus, 2,6-polyazulene is highly degenerate
in these eigenvalues, and this does not change even for
large dihedral angles between the mers. The bandgap for
planar 2,6-polyazulene (zero dihedral angle, w¼ 08
between the mers) is HOMO � LUMO¼ 0.4773 �
(�0.1144)¼ 0.5917b. For all the polyazyulenes in
Fig. 1, it can be generalized that all the corresponding
HOMOs will have antisymmetric eigenvectors and all the
LUMOs will have symmetric eigenvectors. Table 1
summarizes the bandgaps for all the planar polyazulenes.
2,6-Polyazulene is most unique of the polyazulenes listed


in Fig. 1 in five distinct ways. First, 2,6-polyazulene has
the same HOMO (¼0.4773b) regardless of its dihedral
angle. Second, its bandgap is determined by its cyclic
dimer (Möbius cyclic monomer) while the other
polyazulenes have their bandgaps determined by their
cyclic monomer (Hückel cyclic monomer). Third, for a
strip with its azulene units in a coplanar conformation, its
point group symmetry would be C2v while the other
polyazulenes would belong to the Cs point group
symmetry in their planar conformations. Fourth, the
polymerization axis coincides with the monomer sym-
metry axis. Fifth, its monomeric units have head-to-tail
dipole alignments (azulene has a gas phase dipole
moment of 0.8 D).


Dihedral angles in biazulene isomers


We will now determine the effect of nonplanarity of the
azulene mers on eigenvalues polyazulene strips in Fig. 1.
In order to model this conformational effect, the dihedral
angles between neighboring azulene units in the relevant
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fragment
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fragment


right-hand mirror-plane
fragment


right-hand mirror-plane
fragment
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−2.41421
−1


0.41421
 1


X4 + 2X3 − 2X2 − 3X + 1


−2.1935
−1.2950
 0.2950
 1.1935


Figure 9. Right-hand mirror-plane fragments (McClelland subgraphs) for the Hückel cyclic monomers given in Figure 4
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isomeric biazulenes (Fig. 11) were determined via
molecular mechanics (MM2). The dihedral angles for
1,3-, 2,6-, 4,8-, and 5,7-biazulene are w¼ 42.58, 31.458,
73.48, and 54.18, respectively. These results are consistent
with ab initio calculation of the dihedral angles between
neighboring benzene units in biphenyl and terphenyl
which ranges from 39.68–52.28 depending on the basis
set.14 The magnitude of these angles is indicative of their
relative steric/torsional strain energy. In Table 2 there is a
parallelism between this steric/torsional energy for the
2,10-, 2,50-, and 2,40-biazulenes where the 2-position of
one azulene unit moves consecutively to the positions of


10, 50, and 40 and the 1,10-, 5,50-, and 4,40- biazulenes. It is
seen from Table 2 that the first set of three biazulenes
where the position of one azulene unit is held fixed are
less sterically hindered as measured by both the
corresponding smaller dihedral angle and bridging bond
length than the second set of three biazulenes in which the
respective positions are doubled-up. In other words, by
holding the position of one azulene unit constant in the
first set of biazulenes, we are probing the relative steric
hindrance of positions 1, 5, and 4.


This order for the bridging bond lengths (Table 2) of the
1,1’-, 5,5’-, and 4,4’-biazulene is also consistent with the
above the magnitude of the azulene HOMO normalized
coefficients for position 1, 5, and 4 which are 0.5428,
0.3355, and 0.1601, that is, formation of 1,1’-biazulene
from azulene involves the largest HOMO coefficient
value leading to the strongest interaction and shortest
bridging bond length and formation of 4,4’-biazulene
involves the smallest HOMO coefficient value leading to
the weakest interaction and longest bridging bond length.


Because Imamura and coworkers14 determined that the
dihedral angle for neighboring benzene rings in biphenyl
to hexaphenyl were almost uniformly 398 down the chain,
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−2.0615
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Figure 10. Right-hand mirror-plane fragments (McClelland subgraphs) for the Möbius cyclic monomers given in Figure 5


Table 1. Polyazulene HOMO – LUMO bandgaps


Polyazulene
Bandgap (b) for


Dihedral Angle of 08
Dihedral
Angle, 8


Bandgap
(b)


2,6- 0.5917 31.45 0.6261
1,3- 0.3910 42.5 0.4919
5,7- 0.4142 54.1 0.7461
4,8- 0.6725 73.4 0.7373
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we now assume that the above MM2 calculated dihedral
angles (also, confer with Table 1) for the biazulenes apply
uniformly throughout the chains for the polyazulenes
given in Fig. 1. Thus the bridging bonds in these
polyazulenes are weighted according to the cosine of the
corresponding dihedral angles. This assumption gives cos
908¼ 0 resulting in these polyazulene chains having
azulene units being in perpendicular conformations
with zero orbital overlap between adjacent azulenes.
The resulting orthogonal molecular orbitals produce
highly degenerate eigenvalues corresponding to the
eigenvalues of azulene as a logical consequence. Using
cos 42.58¼ 0.7373, cos 31.458¼ 0.8531, cos 73.48¼
0.2857, and cos 54.18¼ 0.5864 as the weights of the
bridging looped bonds for the cyclic Hückel and Möbius
monomers of 1,3-, 2,6-, 4,8-, and 5,7-polyazulenes,
respectively, give the characteristic polynomials and
corresponding eigenvalues presented in Figures 12
and 13, respectively, in analogy to Figures 4 and 5.


The bandgaps in Table 1 show that as the dihedral angle
increases so do the bandgaps. The maximum dihedral
angle of w¼ 908 which results in perpendicular azulene
monomer units will give a maximum bandgap of HOMO


� LUMO¼ 0.8777b belonging to azulene for all the
polyazulenes in Fig. 1. A major conclusion at this point is,
regardless of the dihedral angle, all the polyazulenes in
Fig. 1 have significant band gaps (i.e., the order of
or greater than the HOMO – LUMO¼ 0.4394 b for
pentacene) and therefore cannot exhibit metallic con-
ductivity. Thus any conductivity associated with
polyazulenes must derive via polymer doping and the
resulting polaron mechanisms.


Polaron model for conduction in polyazulenes


According to simple band theory the continuum of
occupied MOs of neutral molecules correspond to the
valence band, the continuum unoccupied MOs corre-
spond to the conduction band, and the void between these
two bands represents the band gap which corresponds to
the HOMO – LUMO where HOMO corresponds to the
upper valence band edge (Fermi energy level) and the
LUMO corresponds to the lower edge of the conduction
band. A wide band gap leads to an insulator material, a
narrow band gap leads to a semiconductor material
because at room temperature thermal excitation of
electrons from the valence band to the conduction band
promotes conduction, and a zero band gap (HOMO –
LUMO¼ 0) leads to high conductivity characteristic of
metals because the electrons are thermally distributed at
the interface between the adjacent valence band and
conduction bands. Conductive polymers conduct current
without having a zero band gap by mechanisms involving
polarons, bipolarons, and solitons. Polarons, bipolarons,
and solitons are generated in conjugated polymers by
doping processes. Oxidation is called p-doping and
reduction is called n-doping. In the doped form, the
polymer backbone is either positively or negatively


2,2'
1,2' 2,4'


2,5' 2,6' 1,3'
5,7' 5,6'


6,6'
4,5'


4,6'


4,8'


1,6'


1,5'


1,4'


Figure 11. All possible biazulene isomers


Table 2. MM2 calculated dihedral angles and intervening
bridging bond of various biazulenes


Biazulene
Dihedral
Angle, 8


Bridging Bond
Length, Å


1,20 ¼ 2,10 38 1.469
2,50 39.8 1.482
2,40 49.8 1.487
1,30 ¼ 1,10 42.5 1.471
5,70 ¼ 5,50 54.1 1.503
4,80 ¼ 4,40 73.4 1.510
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charged, and the small counterions derived from the
dopants, such as I�3 or Naþ, act as bystanders that do not
influence the electrical properties directly.15 Polarons are
normally bound to oppositely charged counterions so that
polaron conduction involves electron or hole hopping
from the region of one counterion to another. This
conduction is influenced by both counterion density
(concentration) and mobility (temperature).


When an electron is removed from the top of the
valence band of a conjugated polymer, a vacancy (hole or
radical cation) is created that does not delocalize
completely as expected from band theory. Only partial
delocalization occurs, extending over several monomeric
units causing this region to structurally deform. The
energy level associated with this radical cation gives a
destabilized MO thrusted into the band gap region
(Fig. 14). This rise in energy is similar to the rise in energy
that takes place after removal of an electron from a filled
bonding MO. A radical cation that is partially delocalized
over some polymer segment is called a ‘polaro’. It
stabilizes itself by electrostatically polarizing the medium
around it. The polaron has associated with it localized
electronic midgap states.


If another electron is removed from a polymer
containing a polaron, either another polaron can form
in a different segment of the polymer chain or a
‘bipolaron’ can form if the electron is removed from
the vicinity an already existing polaron. Low doping
levels give rise to polarons and high doping levels can
produce bipolarons. The two positive charges of a
bipolaron act as a pair. Both polarons and bipolarons are
mobile and can move along the polymer chain by
rearrangement of the double and single bonds in the
conjugated system that occurs in an electric filed; the two
positive charges of a bipolaron move in unison. If high
doping forms a large number of bipolarons, their energies
can start overlapping at the edges creating a narrow
bipolaron band in the band gap region. The polaron has a
spin of 1


2
and the bipolaron, in compliance with the Pauli


exclusion principle, has a spin of zero, that is, it is
spinless. In infinite polyacetylene, which to the zero-order
approximation would have a degenerate ground state, the
bipolaron dissociates into two nearly independent cations
because of Jahn–Teller distortion, which are also spinless
and are called ‘solitons’. Solitons do not form in polymers
with nondegenerate ground states.


0.8531


0.7373


0.5864


0.2857


X10 − 11.728X8 + 46.094X6 − 2X5 − 73.873X4 + 2.588X3 +
46.332X2 + 1.4124X − 8.140 = 0


X10 − 11.544X8 − 1.475X7 + 43.331X6 + 8.322X5 − 62.712X4 −
14.644X3 + 30.381X2 + 7.935X − 1.051= 0


X10 − 11.082X8 + 41.0X6 − 2.571X5 − 59.939X4 + 8.449X3 +
29.531X2 − 4.041X  − 2.857= 0


X10 − 11.344X8 − 1.173X7 + 43.407X6 + 6.210X5 − 66.299X4 − 7.386X3


+ 37.067X2 + 1.518X − 4.0 = 0


−2.1625     0.4773
−2.0953     1.1963
−1.3104     1.3557
−0.7376     1.4890
−0.6591     2.4452


−2.2311     0.0981
−1.8274     0.9745
−1.2904     1.3116
−0.9158     1.7516
−0.3938     2.5227


−2.1671     0.4616
−1.8151     0.9159
−1.5756     1.2313
−0.8122     1.6729
−0.2757     2.3639


−2.1378     0.3587
−1.7490     0.9115
−1.4484     1.2424
−1.0499     1.8726
−0.3874     2.3872


Figure 12. Hückel cyclic monomers (k¼0) of 2,6-, 1,3-, 4,8-, and 5,7-polyazulenes and their characteristic polynomials where
looped bond has the weight indicated
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−0.8531


−0.7373


−0.5864


−0.2857


X10 − 11.728X8 + 46.095X6 − 2X5 − 67.049X4 + 9.412X3 + 25.857X2 −
5.412X − 1.315 = 0


X10 − 11.543X8 + 1.475X7 + 46.280X6 − 12.322X5 − 74.509X4 +
26.644X3 + 39.229X2 − 9.760X − 6.949 = 0


X10 − 11.082X8 + 42.143X6 − 1.429X5 − 64.51X4 + 3.878X3 + 34.102X2


− 0.612X − 5.143 = 0


X10 − 11.344X8 + 1.173X7 + 43.407X6 − 10.210X5 − 63.954X4 + 20.761X3


+ 27.684X2 − 5.518X − 4.0 = 0


−2.0953     0.4773
−2.0210     0.5670
−1.6796     1.3557
−0.7376     2.0112
−0.1488     2.2699


−2.1102     0.7816
−2.0240     0.8947
−1.7481     1.4942
−0.6404     1.5612
−0.4057     2.1966


−2.0391     0.4909
−1.9347     0.8613
−1.5833     1.4996
−0.6671     1.6306
−0.5263     2.2680


−2.1253     0.6111
−2.0694     0.8499
−1.6296     1.4508
−0.5077     1.5542
−0.4120     2.2780


Figure 13. Möbius cyclic monomers (k¼1) of 2,6-, 1,3-, 4,8-, and 5,7-polyazulenes and their characteristic polynomials where
the looped bond has the weight inicated


conduction 
 band


valence
 band


first polaron energy level (half filled)


second polaron energy level (empty)


Figure 14. Polaron energy levels relative to the conduction and valence bands generated via oxidative doping
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The energy diagram for the construction of the
HOMO – LUMO for biazulene from a degenerate pair
of azulenes is shown in Fig. 15. If the pair of bonded
azulenes are oriented perpendicularly (dihedral angle,
w¼ 908) to each other, their individual MOs are
noninteracting and are simply equal to the degenerate
MOs of the azulenes. When this pair of azulenes are made


coplanar (dihedral angle, w¼ 08), their MOs interact
according to the magnitude of the coefficients in
corresponding MOs of the azulene units (Fig. 16)
resulting in their splitting in accordance to the Jahn–Teller
theorem. For neutral biazulene this splitting to the first
approximation leads to little change in overall energy
because the destabilization energy of the higher antisym-
metric (A) MO is almost cancelled out by the stabilization
energy of the lower symmetric (S) MO. However, removal
of an electron to form a polaron from theAMOdoes lead to
more substantial stabilization due to splitting. Thus, in the
absence of severe steric repulsion, coplanarity (w¼ 08)
should be favored by ionization. When an electron is
removed from the top of the valence band of a conjugated
polymer creating a polaron, only partial delocalization over
several monomeric units occurs causing them to deform
structurally and form a localized electronic midgap states
(Fig. 14). This same model was proposed by Imamura and
coworkers for biphenyl.14


Figures 17–20 shows what happens to the MOs in the
conversion various neutral polyazulenes to their polaron
midgap states. Our model assumes that the polaron region
of three azulene units is approximately coplanar (has
almost zero dihedral angle) and that the infinitely
extended polymer chain on either side of the polaron
region have dihedral angles approaching those given in
Table 2 that are characteristic of the corresponding
biazulenes. The first (lower) polaron energy level is given
by the HOMO energy of the corresponding triazulene
(Table 3). This energy level is half filled as in Fig. 14. The
second (upper) polaron energy level is given by
corresponding LUMO and is empty. If this more coplanar
(w � 08) triazulene polaron was allowed to become
indefinitely extended, then the first polaron energy level
would approach that of corresponding coplanar poly-
azulene. Since polarons having an indeterminant number
of azulene units with smaller dihedral angles, they must
have HOMO values that range between these two extreme
values, both are listed in Figures 17–20.


Noninteracting MOs
φ = 90o (degenerate)


Coplanar interacting MOs
φ = 0o (splitting)


HOMO


LUMO


A


S


A


S


S


A


Figure 15. Construction of HOMO – LUMO energy level
diagram for biazulene. The bottom part of the figure shows
two azulene molecules perpendicular to each other (f¼908)
and thus noninteracting. Their separate MOs are degener-
ate. When the dihedral angle f is allowed to decrease to 08,
the azuleneMOs interact and splitting occurs as shown in the
upper right-hand part of the figure


0.4773 (A) − 0.4004 (S)


0.5428


0


0
− 0.3355


− 0.1601


0.2591


−0.0632


0.3158


− 0.5109


0.1023


0.4699


− 0.2904


− 0.5405
− 0.1666
 0.4520
 0.5020


− 0.4043
− 0.3963
 0.1922
 0.6938


− 0.4070
− 0.3792
 0.3651
 0.5757


− 0.5549
−0.2551
 0.4773
 0.4773


Eπ = 13.3635 β


Eπ = 27.1528 β Eπ = 27.1364 β Eπ = 27.1468 β Eπ = 27.1382 β


Figure 16. HOMO – LUMO eigenvalues/eigenvectors of azulene and eigenvalues of planar 2,6’-, 1,1’-, 4,4’-, 5,5’-biazulenes
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The removal of an electron from the HOMO of the
1,3-polyazulene to form a polaron region of three azulene
units which is composed of two azulenes, an allyl-like
radical, and a positively charged tropylium (Fig. 17). This
model corresponds exactly to the conclusion which
suggested that positive net charges of the oxidized states
are mainly localized in the seven membered rings and that
in the polaron state the charge and spin parts are in
separate rings of azulene unit of 1,3-polyazulene.6,7 This
result gives for the 1,3-polyazulene a first polaron energy
level that is close to HOMO¼ 0.1050b which overlaps
with the valence band that is close to HOMO¼ 0.0981b
of the adjacent infinite twisted 1,3-polyazulene chains on
either side leading to polaron conduction under the
influence of electrical potential. In agreement with


experiment,6,7 it is predicted that 1,3-polyazulene should
be capable of being made conductive by the polaron
mechanism by oxidative doping.


Similarly, the removal of an electron from the valence
band of the 2,6-polyazulene will form a polaron region of
three azulene units (Fig. 18) with a first polaron energy
level (HOMO¼ 0.4773b) that coincides with the valence
band (HOMO¼ 0.4773b) of the adjacent infinite twisted
2,6-polyazulene chains on either side. Since the HOMO
coefficients is zero for the 2,6-positions of azulene
(Fig. 16), to the first approximation the HOMO splitting
for 2,6’-biazulene is zero (Fig. 15). This results in the
HOMOof 2,6-polyazulene being unchanged regardless of
the dihedral angle or the number of its monomeric units.
Thus, it is predicted that 2,6-polyazulene should be also


polaron


For φ = 42.5ο


LUMO = − 0.3938β (lower edge of conduction band)
HOMO  =  0.0981β (upper edge of valence band)


For φ = 0o


LUMO = − 0.3910 to − 0.3944β (empty polaron level)
HOMO  =  0 to 0.1050β (half filled polaron level)


0.0981β


− 0.3938β


0.1050β
valence band


conduction band


− 0.3944β


Figure 17. Formation of a polaron region within 1,3-polyazulene of infinite extent


For φ= 31.45o


LUMO = − 0.1488β (lower edge of conduction band)
HOMO = 0.4773β (upper edge of valence band)


For φ= 0o


LUMO = − 0.1144 to − 0.1353β (empty level)
HOMO = 0.4773β (half filled level)


0.4773β


−0.1488β


0.4773β
valence band


conduction band


− 0.1144β


Figure 18. Formation of a polaron region within 2,6-polyazulene of infinite extent
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capable of being made conductive by the polaron
mechanism.


The removal of an electron from the HOMO of the
4,8-polyazulene (Fig. 19) or 5,7-polyazulene (Fig. 20) is
expected to form a polaron region of three azulene units.
The first (lower) polaron energy level is given by the
HOMO energy of the corresponding triazulene which is
half filled. The second (upper) polaron energy level is


given by corresponding LUMO and is empty. The
triazulenene first polaron energy levels for
4,8-polyazulene and 5,7-triazulene have values of
HOMO¼ 0.4391 and 0.4391b, respectively, which are
above the corresponding HOMO¼ 0.4616 and 0.3587b
for their twisted infinitely extended systems. Thus, there
exists a small gap (0.4616–0.391b and 0.3581–0.3316b)
between the first polaron energy levels and the valence


For  φ= 54.1o


LUMO = − 0.3874β (lower edge of conduction band)
HOMO = 0.3587β (upper edge of valence band)


For  φ= 0o


LUMO = − 0. 3775 to − 0.3781β (empty polaron level)
HOMO = 0.2950 to 0.3316β (half filled polaron level)


0.3587β


− 0.3874β


0.3316β


valence band


conduction band


− 0.3781β


Figure 20. Formation of a polaron region within 5,7-polyazulene of infinite extent


For φ= 73.4o


LUΜΟ  = −0.2757β (lower edge of conduction band)
ΗΟΜΟ  = 0.4616β (upper edge of valence band)


For φ= 0o


LUMO = 0 to − 0.0952β (empty polaron level)
HOMO = 0.41421 to 0.4391β (half filled polaron level)


0.4616β


−0.2757β


0.4391β


valence band


conduction band


− 0.0952β


Figure 19. Formation of a polaron region within 4,8-polyazulene of infinite extent
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bands of the extended polymer branches, and we predict
that polaron conduction for the 4,8- and 5,7- polyazulenes
to be more difficult than for 1,3- and 2,6-polyazulenes. If
these more coplanar (w¼ 08) triazulene polaron regions
are allowed to become infinitely extended, then the first
polaron energy level increases to that of corresponding
coplanar polyazulene, that is, from 0.4391 to 0.41421 and
from 0.3316 to 0.2950b, respectively, and the respective
gaps will increase.


In summary, our model for polaron conduction in
polyazulenes deduces from MO symmetry that the
polaron region is almost coplanar and is delocalized
over approximately 3 azulene units. This hypothetical
limit allows us to estimate the polaron midgap energy
levels from the HOMO – LUMO of the corresponding
triazulenes. This presupposes that conjugative interaction
with the twisted polyazulene branches is only a small
perturbation. That this is a reasonable model is
corroborated by allowing the polaron region to hypothe-
tically expand to infinity while still being bounded by
infinite twisted polyazulene branches. Since the density of
states is independent of boundary conditions, this sets the
upper hypothetical limit for the first polaron energy level
to that of the corresponding coplanar infinite polyazu-
lenes. Along a similar line of reasoning, we predict that
1,3-polyazulene will be more easily made conducting by
a polaron mechanism than the 2,6-, 4,8-, and
5,7-polyazulenes by reductive doping.


CONCLUSIONS


The polyazulenes of this study have significant gaps
between the valence band and conduction band and are
not expected to be intrinsically conductive. However, they
can be made conductive via doping where the conduction
mechanism is via polaron movement under the appli-
cation of electrical potential because the gap between the
valence band and the first polaron energy level is much


smaller. It is predicted that the 1,3- and 2,6-polyazulenes
will be more conductive by p-doping than the 4,8- and
5,7-polyazulenes. The predicted conduction of 1,3-
polyazulene via the polaron mechanism is in agreement
with experimental results.6 HMO, MM2, and symmetry
calculations of biazulenes and triazulenes were exploited
in the analysis and modeling of the potential conductivity
of polyazulenes.
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ABSTRACT: Laser flash photolysis has been used to determine the bimolecular rate constants and the spectral
nature of the intermediates obtained by the reaction of sulfate radical anion (SO�S


4 ) with 1,3,5-triazine (T),
2,4,6-trimethoxy-1,3,5-triazine (TMT), 2,4-dioxohexahydro-1,3,5-triazine (DHT), and 6-chloro N-ethyl
N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine (atrazine, AT). The rate constants determined were in the
range 4.6T 107–3T 109 dm3molS1 sS1 at pH 6. The transient absorption spectra obtained from the reaction
of SO�S


4 with T, TMT, DHT and AT has an absorption maximum in the region 320–350 nm and was found to
undergo second-order decay. The intermediate species is assigned toN-yl C(OH) radical of T (TOH�), carbon centered
neutral radical of TMT, an OH-adduct of AT and an N-centered radical in the case of DHT. The interpretations on
the experimental results obtained from TMT are supported by DFT calculation using Gaussian 03. Steady state
radiolysis technique has also been used to investigate the degradation of AT induced by SO�S


4 . The degradation profile
indicated that about 99% of AT has been decomposed after an absorbed gamma-radiation dose of 7.5 kGy. The
degradation yield of AT (expressed as G(-AT)) was found to be 0.26mmol JS1. The degradation reactions initiated
by SO�S


4 may thus be employed as a potential alternative for �OH-induced degradation of triazines. Copyright# 2007
John Wiley & Sons, Ltd.

KEYWORDS: triazine; sulfate radical anion; laser flash photolysis; radiation chemical; DFT calculation; radical cation;


pollutant

INTRODUCTION


The production of radical cations in aqueous solution
by radiation chemical or photochemical method relies
mainly on the use of oxidizing species such
as SO��


4 , Cl��2 , Br��2 , Tl2þ, or photo-excited quinones.1–4


Among these, the sulfate radical anion, SO��
4 (E0¼


2.5–3.1V vs. NHE) is commonly used and it can be
generated both radiolytically and photolytically.5 It
can be produced by the laser flash photolysis of S2O


2�
8


with laser light of 248 or 266 nm. The reactions of
radiolytically produced hydrated electron (e�aq) and
�H with S2O


2�
8 is another method for its production.6 It


is reported that the reaction of SO��
4 with several aromatic


compounds results in the production of hydroxyl
cyclohexadienyl radicals.7 But in the case of methoxy
derivatives, radical cations of the aromatic compounds
have been observed.8 It results decarboxylation with

to: C. T. Aravindakumar, School of Chemical
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7 John Wiley & Sons, Ltd.

several carboxy derivatives, leading to the production of
phenyl radical.9 The hydroxyl cyclohexadienyl radical
can be formed either by the addition of SO��


4 to the
benzene ring followed by hydrolysis7 or by direct electron
transfer from the aromatic ring to SO��


4 followed by
hydroxylation with water or OH�.10 The radical cations
from anisole can be obtained by direct electron transfer or
via addition followed by elimination.8 Decarboxylation
can occur through direct oxidation of the carboxyl
group, as is the case with aliphatic carboxylic acids.7


The reactions of SO��
4 is also important in the radical


chemistry of nitrogen heterocyclic compounds like
purines and pyrimidines. The selectivity of this radical
to produce radical cations of purines and pyrimidines has
been used to obtain valuable information about the direct
effect of the ionizing radiation on DNA.6 This
means, SO��


4 is very useful to understand the underlying
chemistry of the fate of the radical cations of different
heterocyclic systems in aqueous medium.


Triazine (a nitrogen heterocyclic compound)-based
herbicides are among the most widely used pesticides.
Because of the large and prolonged use of these
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herbicides, triazines have been found in ground water as
pollutants in many parts of the world. Although the
light-induced reactions in wastewater treatment is a
promising technique, direct photolysis of triazine
derivatives is normally difficult due to their weak
absorption of light with wavelength greater than 220 nm.


Oxidative degradation procedures for dissolved or
dispersed organic compounds using hydroxyl radicals
(�OH) are generally known as Advanced Oxidation
Processes (AOPs). In situ generation of �OH by various
methods such as photo-fenton reaction,11 photolysis of
ozone,12 photolysis of hydrogen peroxide,13 photoche-
mical reactions of titanium dioxide,14 radiolysis of
water,15 and sonochemical method16 are the generally
used AOPs. A considerable attempt has been made with
AOPs based on ozone17 and hydroxyl radicals18–20 to
investigate the complete degradation of triazines in the
past. A number of reports demonstrated the high
reactivity of �OH with triazines (diffusion controlled)
and have shown a degradation pathway in aqueous state.18


In general, AOPs make use of the high oxidation
potential of �OH (E0¼ 2.7V). In this context, SO��


4 is an
equally powerful oxidizing radical and was found to react
with a wide range of aromatic compounds at diffusion
controlled rate.21 However, studies on the SO��


4 reaction
pathways are rather limited. In order to look at the
possibility of degradation reactions of the heterocyclic
ring by SO��


4 , the first step is to understand the
fundamental chemistry involved in this radical attack.


In a communication we have shown that cyanuric acid,
an end product of the �OH-induced degradation of
atrazine which can not be further degraded by hydroxyl
radicals, can be decomposed in aqueous medium
using SO��


4 .22 Since this first report on the one electron
oxidation of cyanuric acid, two more reports were
appeared on the kinetic and energetic of one-electron
oxidation of 1,3,5-triazines (Ts).23,24 These reports stated
that it is possible to oxidize atrazine and few other
substituted triazines using SO��


4 . One of these reports
demonstrated that SO��


4 has no measurable reactivity
with T.23 However, a detailed knowledge on the transient
intermediates in the electron transfer reaction of SO��


4


with triazines is still lacking. The present investigation is,
therefore, made of the reactions of SO��


4 with a number of
substituted triazines by laser flash photolysis and steady
state radiolysis technique. Some of the interpretations of
the experimental results are supported by theoretical
calculations using Gaussian 03.

EXPERIMENTAL


Commercially available high purity chemicals were used
without further purification. T (97%), 2,4-dioxohexahydro-
1,3,5-triazine (DHT) (95%), 2,4,6-trimethoxy-1,3,5-
triazine (TMT) (99%), and 6-chloro-N-ethylN’-
(1-methylethyl)-1,3,5-triazines-2,4-diamine (atrazine, AT)

Copyright # 2007 John Wiley & Sons, Ltd.

(98%) were obtained from Aldrich Chem. Co. Potassium
peroxydisulphate and 2-methyl propan-2-ol were of
analytical grade. In laser flash photolysis experiments,
the reaction of SO��


4 was studied in Ar-saturated aqueous
solutions containing K2S2O8 (5� 10�2mol dm�3) and
triazine (5� 10�4mol dm�3). SO��


4 is produced in
aqueous medium by the photolysis of S2O


2�
8 at 266 nm


using Nd-YAG laser. By using laser flash
photolysis, K2S2O8 can be selectively photodissociated
in the presence of triazines at 266 nm (reaction 1), as the
selected triazines have practically no absorption at this
wavelength.


S2O
2�
8 �!hn 2 SO��


4 (1)


Laser flash photolysis experiments were carried out
using a SP-Quanta ray GCR-2(10) Nd-YAG laser using
the fourth harmonics out put of 266 nm with a pulse width
of 5 ns and energy, 50mJ pulse�1. A DHS-2 dichroic
harmonic separator was used to separate the third and
second harmonic from the fundamental beam. The
monitoring source was a 250W pulsed xenon lamp.
The shutters were opened simultaneously as controlled by
a computer. The optical absorption changes were
recorded using a Hamamatsu R-777 photo multiplier
tube connected with a Hewlett Packard 54201A 100MHz
digital storage oscilloscope. The details of this set-up
have been published elsewhere.25


SO��
4 is also produced by the radiolysis of water


containing K2S2O8 and 2-methyl propan-2-ol. The
relevant reactions are shown below.26

ðCH3Þ3COHþ H�=�OH !�CH2ðCH3Þ2COHþ H2=H2O


(3)


e�aq þ S2O
2�
8 ! SO��


4 þ SO2�
4 (4)


g-Radiolyses were carried out in a 60Co-g-chamber.
Aqueous solution containing K2S2O8 (5� 10�2moldm�3),
atrazine (1� 10�5mol dm�3), and 2-methyl propan-2-ol
(0.2mol dm3), saturated with high purity nitrogen was
used for irradiation. The dose rate was determined using
ceric sulfate dosimetry and was about 100Gymin�1. The
concentration of AT after g-radiolysis was monitored
using HPLC (Shimadzu LC10 AS) with UV-VIS detector
(Shimadzu SPD 10A). Water was used as the mobile
phase at a flow rate of 1mlmin�1 (25 cm, Supelcosil C18
column) for the analyses. HPLC analyses in the case of
ATwere carried out and it was found that this compound
did not undergo thermal decay during the experimental
time scale. T is not stable for prolonged period in aqueous
medium due to hydrolysis; however, it is selected as a
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Table 1. Second order rate constant (k2) obtained for the
reactions of SO��


4 with triazine derivatives at pH 5


Compound k2/dm
3mol�1 s�1


1,3,5-Triazine (T) 8.1� 107


2,4,6-Trimethoxy-1,3,5-triazine (TMT) 5.1� 107


2,4-Dioxohexahydro-1,3,5-triazine (DHT) 4.6� 107


6-Chloro-N-ethyl
N’-(1-methylethyl)-1,3,5-triazine


2,4-diamine (AT)
3� 109
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basic structure to understand the reaction mechanism.
Therefore, T was added just before the laser flash
experiments to avoid hydrolysis to any significant level.


All geometries were optimized at B3LYP/6-311þG��


level of theory. Frequency calculations were carried out at
the same level of theory to prove that the structures are
true minima. NMR values were computed using GIAO
method27 at B3LYP/6-311þG�� level. All calculations
were done using Gaussian suite of programs.28


RESULTS AND DISCUSSION


Kinetics


The second order rate constants for the reaction of SO��
4


with triazines were determined at pH 5. In the absence of
any substrate, SO��


4 undergoes a bimolecular decay. A
typical decay trace of SO��


4 obtained at 460nm is shown in
Fig. 1. In the presence of triazine, the decay of SO��


4 was
highly enhanced and was dependent on the concentration of
the triazines (Fig. 1). Therefore, the pseudo first-order rate
(kobs) is monitored as a function of varying concentrations of
triazine. The plots of kobsversus concentrations of triazines
gave straight line graphs, with intercept at zero (a typical
plot obtained in the reaction of T is shown in Fig. 1), with
very good correlation coefficients (�0.98). From the slope
of these straight line graphs, the second-order rate constants
were determined. These rate constants were in the range
1.9–300� 107 dm3mol�1 s�1 (Table 1). These are lower by
two orders of magnitude compared to the reactions of
�OH with similar triazines18 except in the case of AT.
Although these two radicals have comparable oxidation
potentials, the magnitudes of rate constants are widely

Figure 1. The pseudo first-order decay of SO��
4 (kobs) versus conce


traces of SO��
4 in the absence (a) and in the presence of T (5�10�


the laser flash photolysis of peroxydisulphate (5�10�2mol dm�
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different. This difference can be attributed to the difference
in the mode of reactions. �OH generally adds to the double
bonds, whereas SO��


4 undergoes an electron transfer
reaction (inner sphere or outer sphere) with aromatic ring.
Furthermore, the relatively high rate constant obtained in the
case of the reaction of SO��


4 with AT is attributed to the
presence of electron-donating groups attached to the triazine
ring and the electrophilic nature of the SO��


4 . In an earlier
report, it was shown that the SO��


4 has no measurable
reactivity with T, though it has a high reactivity with AT
(1.4� 109 dm3mol�1 s�1).23 But our experiments clearly
demonstrate that SO��


4 has reasonable reactivity with T
which can be monitored in the microsecond time scale. In
the present work, a slightly higher rate constant is obtained
(3� 109 dm3mol�1 s�1) compared to the reported rate
constant23 and this value was found to be highly
reproducible.


Absorption spectra of the transients


The transient absorption spectra were obtained from the
photolysis of Ar-saturated solutions containing K2S2O8

ntration plot obtained with 1,3,5-triazine (T). Inset: (i) Decay
4mol dm�3) (b). (ii) Absorption spectrum of SO��


4 obtained by
3) at 1ms
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Figure 2. Transient absorption spectra obtained by the laser flash photolysis of Ar saturated solution of peroxydisulphate
(5� 10�2mol dm�3) containing 1,3,5-triazine (5�10�4mol dm�3) (^) and 2,4-dioxohexahydro-1,3,5-triazine (5� 10�4mol
dm�3) (~) at 10ms. Inset: pH versus absorbance of (a) 1,3,5-triazine at 330nm and (b) 2,4-dioxohexahydro-1,3,5-triazine at 350nm
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by monitoring the absorbance versus time profile in
the range 250–600 nm (Fig. 1). SO��


4 has a well-defined
absorption spectrum with a lmax at 450 nm (e450 nm¼
1100 dm3mol�1 cm�1) and a small shoulder around
290 nm.29 The absorption spectra of the intermediates
resulting from the reactions of SO��


4 radical with T, and
DHT are shown in Fig. 2. Figure 3 shows the transient
absorption spectra obtained in the reaction of SO��


4 with
TMT and 6-chloro-N-ethyl-N’-(1-methylether)-1,3,5-
triazine-2, 4-diamine (atrazine, AT). The initial spectrum
recorded 1ms after the laser flash in the case of all the
triazines has similar features of the absorption spectrum
of SO��


4 . However, the spectrum recorded 10ms after the
laser flash showed different absorption maxima. In the
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Figure 3. Transient absorption spectra obtained by
the laser flash photolysis of Ar saturated solution
of peroxydisulphate (5� 10�2mol dm�3) containing 2,4,
6-trimethoxy-1,3,5-triazine (5�10�4mol dm�3) (&) and
6-chloro N-ethyl N’-(1-methylethyl)-1,3,5-triazine 2,4 dia-
mine (5�10�4mol dm�3) (D) at 10ms
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case of T, the spectrum recorded 10ms after the laser
flash showed a lmax at 330 nm (Fig. 2) and for AT the
absorption maximum is obtained at 320 nm (Fig. 3).
However, in the reaction of TMTwith SO��


4 , the transient
spectrum obtained at 10ms after the flash is characterized
with an absorption maximum at 330 and 430 nm. But for
DHT, the absorption maximum is observed at 350 nm
(Fig. 2). The spectra recorded at higher time scales (30
and 60ms) for all these triazines showed only secon-
d-order decay.When the absorbance is plotted against pH,
in the case of T, a typical pKa curve with an inflection
point at 6.8 is obtained (Fig. 2). Similarly for DHTalso, a
pKa curve is obtained with inflection point at 6.8.


In general, SO��
4 reacts with several aromatic


compounds by an addition-elimination reaction resulting
a radical cation.30,31 The stability of this radical cation
depends on the nature of the substituents and their
position in the aromatic ring. The unstable radical cation
may deprotonate to form a neutral radical or it may further
react by the addition of OH� leading to the formation of
an OH-adduct. It is reported that in the case of
pyrimidines, an adduct is formed initially by the reaction
of SO��


4 .32 This adduct may be either long lived or it
dissociates rapidly to give a radical cation and SO2�


4 .
Hydroxyl adduct might also be formed from this radical
cation by addition of OH�. The radical cation and the
adduct can be distinguished by their difference in the
reaction with oxygen. The radical cations, in general,
have very little or slow reactivity with oxygen,33 but the
adduct can easily react with oxygen.34


In the reaction of Twith SO��
4 , the major possibility is


expected to be an addition-elimination reaction. It is,
therefore, assumed that a radical cation is formed initially.

J. Phys. Org. Chem. 2007; 20: 122–129


DOI: 10.1002/poc







126 P. MANOJ ET AL.

This radical cation is not likely to be stable as the triazine
ring itself is electron deficient. The radical cations from
pyrimidines, which are slightly more electron rich
compared to triazines were reported as very unstable
and cannot be detected in the microsecond time scale.35


The immediate reaction of the radical cation is, thus,
likely with OH� so that an OH adduct of T can be formed.
Because of the symmetrical structure of T, the OH adduct
may be in any one of the three carbon atoms. Therefore,
the probable species would be an OH-adduct (N-ylC(OH)
radical). This assignment is further supported by a very
clear acid base equilibrium of the intermediate. An
absorbance versus pH plot measured at 10ms after the
pulse at 330 nm (see inset Fig. 2) gave an inflection point
at pH 6.8. Since the intermediate of T has pKa value about
6.8, it is proposed that at higher pH, the OH adduct
undergoes a deprotonation reaction and exists in its
anionic form. The proposed mechanism of the reaction
of SO��


4 with T is shown in Scheme 1.
As in the case of T, SO��


4 can undergo an electron
transfer reaction with TMT leading to the formation of a
radical cation, 1 in the initial stage. Since the —OCH3


group has inductive effect (þI effect), it may tend to
stabilize the radical cation of TMT as in the case of
anisole.8 Triazine itself is an electron-deficient molecule
and hence, the stabilization of its radical cation due to
the —OCH3 groups may not be efficient. It can undergo
deprotonation or an addition of OH�. The deprotonation
may lead to a neutral radical 2. However, this
deprotonation, if possible, could be from one of the
—OCH3 groups. The other possibility is the formation of

Scheme 1. Proposed mechanism of the
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Scheme 2. Proposed reaction mechanism of S
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OH-adduct as shown in Scheme 2 which results a neutral
radical of the type 3. The spectral features from the
reaction of �OH with TMT18 are widely different from
that obtained from the reaction of SO��


4 with TMT
(Fig. 3). The OH adduct spectrum is characterized by its
absorption maximum at 320 nm18, whereas the transient
spectrum from the present reaction has two distinct
maxima at 330 and 430 nm. Therefore, the OH adduct of
TMT does not contribute to the present transient
absorption spectrum. In order to clearly distinguish these
three possibilities (existence of the radical cation of TMT
(1), deprotonation from —OCH3 group (2), and the
formation of OH-adduct (3)), we have performed
theoretical calculations using Gaussian 03. All geome-
tries were optimized at B3LYP/6-311þG�� level of
theory.36 Frequency calculations of important systems
concluded that structures 1, 2, and 3 do not have any
imaginary frequencies. We have computed the Nuclear
Independent Chemical Shift (NICS)37 values at the center
of the radical cations of TMTat B3LYP/6-311þG�� level
of theory using GIAO method. The NICS value for
structure 1 (radical cation) is computed to be 1.67, shows
that structure 1 is not an aromatic system. Therefore,
structure 1 should have a tendency to get converted into
either 2 or 3 because both are aromatic and thereby, more
stable. The NICS value of structure 2 and 3 at the center is
�4.7 and �3.5, respectively. Comparison of these values
with those of benzene37 indicates that structure 2 and 3 are
aromatic. Comparison of the stability of the two radicals 2
and 3 using isodesmic reactions38 (Eqn 8) indicate that
system 2 is stabilized over 3 by 17.01 kcalmol�1.

reaction SO��
4 with 1,3,5-Triazine
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Scheme 3. Proposed reaction mechanism of SO��
4 with 6-chloro N-ethyl N’-(1-methylethyl)-1,3,5-triazine-, 2,4 diamine


Scheme 4. Proposed reaction mechanism of SO��
4 with


2,4-dioxohexahydro-1,3,5-triazine
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These values indicate that structure 2 is more aromatic
than 3, thereby structure 2 is more stable. Generally,
�OH adds to the double bond of aromatic compounds
giving rise to OH-adducts. However, it undergoes both
addition and H-abstraction with atrazine.19 The absorp-
tion maxima at 440 nm of the transient spectrum reported
with AT19 was largely assigned to the carbon centered
radical in the side chain. It is further reported that the OH
adducts of S-triazines absorb more towards lower
wavelengths (300–350 nm).18,19 This means both our
experimental findings on the transient absorption spec-
trum and the conclusion on the stability of radical 2 from
theoretical calculations match very well. It is, therefore,
proposed that the major transient intermediate from TMT
on its reaction with SO��


4 is a carbon centered radical 2 as
shown in Scheme 2.


In the reaction of AT with SO��
4 , it is expected to


undergo an addition-elimination reaction resulting in the
formation of radical cation in the initial stage (reaction
12). Subsequently, an addition of OH� may occur at the
carbon center leading to the formation of a nitrogen-
centered radical. The reaction of �OH with AT is once
again useful in the present case. In the reaction of
�OH with atrazine, an intermediate is obtained with a
strong absorption maximum at 440 nm.19 The absorption
of OH-adduct radicals contributes nearly 45% and may be
hidden due to the absorption of a carbon centered radical
which is formed from the H-abstraction of the ethyl side
chain by �OH or strongly red shifted due the substituent
effects.19 This means that the observed transient
absorption spectrum is not fully due to the OH adduct
of atrazine, but largely due to a carbon centered radical.
On the other hand, the OH-adducts of triazines generally
have absorption maximum between 300 and 350 nm.18 In
the present case, the formation of a carbon centered
radical (in the ethyl side chain) can be fully ruled out
since this is possible only when �OH is involved in the
reaction. Therefore, the only probability is the formation
of an OH-adduct (N-centered radical). When the reactive

Copyright # 2007 John Wiley & Sons, Ltd.

species is �OH,19 the major contributor to the transient
spectrum is the carbon centered radical (at the side chain).
But the absorption spectrum in the present case has lmax


at 320 nm which can be well interpreted to the existence
of an OH adduct of AT. The corresponding OH adduct is
thus assigned to a nitrogen centered radical as shown in
Scheme 3.


In the case of DHT, the most probable species is
proposed as an N-centered radical of the type shown in
reaction 15 which can be formed by the deprotonation of
the radical cation. However, the deprotonation can be
from one of the protons attached to nitrogen and
therefore, it would lead to the existence of three nitrogen
centered radical tatuomers as shown in Scheme 4. A
report on the deprotonation of the radical cations of uracil
and its derivatives, which results a neutral radical39


supports this assignment. It is, therefore, proposed that the
transient absorption spectra, obtained with DHT has an
absorption maxima around 350 nm, is due to the
formation of an N-centered radical, which has three
tautomeric structures as shown in Scheme 4. Furthermore,
the plot of absorbance versus pH (Fig. 2) of the
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Figure 4. The degradation profile of 6-chloro N-ethyl
N’-(1-methylethyl)-1,3,5-triazine 2,4-diamine induced by SO��
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(*) measured by HPLC after g-radiolysis. Inset: First-order
nature of the decay profile induced by SO��


4 C0 is the initial
concentration of AT and C is that at time t. (Dose rate of the
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N-centered radical at 350 nm shows an inflection point
around pH 6.8.

Steady-state radiolysis


In addition to the understanding of the basic chemistry
involved in the reaction of SO��


4 with triazines, the
viability of such reactions in the degradation of triazine
is also of interest. Being known as an important
water pollutant, the degradation of AT was monitored
using g-irradiation (at different doses) in an Ar-saturated
solution containing triazine, 2-methyl propan-2-ol and
S2O


2�
8 where SO��


4 is the major reactive radical (reactions
2–4). The degradation profile is shown in Fig. 4. As can be
seen from the Fig. 4 that 99% of the AT has disappeared
after an absorbed dose of 7.5 kGy. When the concen-
tration is plotted in a logarithmic scale, a clear first order
nature of degradation is observed with a rate constant of
0.016min�1. The degradation yield, expressed as G(-AT)
which is the number of molecules destroyed per 100 eV
absorption of radiation energy, was calculated from the
slope of initial decay of AT. This is about 0.26mmol J�1.
This value is nearly quantitative (a G-value equal to
the yield of SO��


4 (0.28mmol J�1) is expected as the
quantitative yield), and therefore, it is clear from
the figure that SO��


4 does initiate degradation of AT.
The degradation of AT is expected to follow via the
hydroxyl radical adduct since the radical cation of AT
gives rise to the OH-adduct as discussed in the previous
section. The degradation is likely initiated by the
bimolecular reaction of these radicals. On the other
hand, the final product of this reaction was not analyzed as
it is beyond the scope of this work at the moment. The
purpose was only a demonstration of the degradation of
AT induced by SO��


4 .

Copyright # 2007 John Wiley & Sons, Ltd.

CONCLUSION


Laser flash photolysis technique has been used for the
elucidation of the reaction mechanism of SO��


4 with
triazine derivates in aqueous medium. The spectral details
of the short-lived intermediate radical derived from the
reaction of SO��


4 with triazine derivatives have been
presented for the first time. The intermediate spectrum
obtained in the case of T is in contradiction with the
earlier report that SO��


4 has no measurable reactivity
with T.23 The higher reactivity of SO��


4 with AT
compared to other selected triazines is a demonstration
of the potential use of this radical for the degradation of
triazine-based herbicides in aqueous medium. The
degradation of AT is a clear demonstration of the
potential use of SO��


4 in the degradation of triazine-based
herbicides though a variety of practical difficulties need to
be resolved before it finds its utility.
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ABSTRACT: A direct kinetic study is reported for the electrophilic amination of substituted phenylmagnesium
bromides with N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine in THF. Rate data, Hammett relationship, and
activation entropy are consistent with a SN2 displacement involving the attack of carbanions to sp3N in the amination
reagent (AR). Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Amines are one of the important class of compounds in
organic synthesis and also substructures of many natu-
rally occurring compounds and pharmaceuticals. For the
amine synthesis,1 nucleophilic amination strategy is
commonly in use, however transitıon metal catalyzed
C—N couplings between aryl halides and amines have
received special attention.2–4 Electrophilic amination
strategy is also a potentially valuable method for
nonsymmetric and symmetric synthesis of amines1,5–7


and a-amino carbonyl compounds (Scheme 1).8,9 A
number of electrophilic amination reagents (ARs), that is,
synthetic equivalents of �NR2 synthon (1,2) have been
reported for C—N coupling with carbanions (Scheme 1).
Notably among these are: (i) sp3N type ARs (1).
O-Organyl hydroxylamines (1a),5–9 O-acylhydroxyla-
mines (1b),10–14 O-silylhydroxylamines (1c),5–9 O-sulfo-
nylhydroxylamines (1d),5–9,15 and O-phosphinylhydro-
xylamines (1e)5–9 react with carbanions directly.
(ii) sp2N type ARs (2). O-Sulfonyloximes (2a)16–18 form
imines, which are hydrolyzed to amines. Azides (2b),5–9


diazene dicarboxylates (2c),5–9 arene diazonium salts
(2d),19–21 and nitroarenes (2e)22 form intermediates
which require reductive work-up to produce amines.


Although synthetic potential of electrophilic amination
has been extensively studied, mechanistic investigations

to: E. Erdik, Science Faculty, Ankara University,
06100, Turkey.
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are limited. Beak’s23–25 group provided evidence for a
polar SN2-like mechanism for the reactions of organo-
lithiums and a-lithionitriles with 1a and 1e. Ricci and
coworkers26 offered a similar mechanism for the amina-
tion of higher order lithium cuprates with 1c. Theoretical
calculations by Boche and Wagner,27 Armstrong, et al.,28


and McKee29 support a transition state for this
mechanism. We recently reported our work on the kinetic
studies of the amination of carbanions with ace-
tone O-(mesitylenesulfonyl)oxime (2a, R¼CH3, R1¼
C6H2(CH3)3-2,4,6)30 and with O-methyl hydroxylamine
(1a, R1¼CH3).31 We investıgated substituent effects on
the amination rate of phenylmagnesium bromides,30,31


magnesium diphenylcuprates,31 and also CuCN catalyzed
phenylzinc chlorides30 and diphenylzincs31 by competi-
tive kinetic studies. Analyses of rate data via Hammett
treatment were explained by SN2 mechanism for Grignard
reagents and by nucleophilic oxidative addition mech-
anism for catalytic and stoichiometric cuprates. Although
linear Hammett plots supported the assumption of
first-order reaction in organometallic reagent in the
amination with these reagents, we have been exploring
reaction conditions to carry out a direct kinetic study for
the electrophilic amination.


In our recent work15 on the successful use of Grignard–
Barbier type amination with N,N-dimethyl derivative
of O-(mesitylenesulfonyl)hydroxylamine (1d, R1¼
C6H2 (CH3)3-2,4,6), we observed that amination takes
place in a homogeneous solution. This finding and our
continuing investigations into synthetic and mechanistic
aspects of electrophilic amination encouraged us to
perform an extensive kinetic investigation of the C—N
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coupling of aryl magnesium bromides with N,N-dime-
thylamino transfer reagent 1d in the hope of finding
additional support for the proposed SN2-like mechanism.


In the present paper, we report our successful results for
the first direct rate measurements for the electrophilic
amination of carbanions with a sp3N type reagent and we
also discuss their relative reactivities.

RESULTS AND DISCUSSION


For the kinetic study of amination of aryl Grignard
reagents with N,N-dimethyl O-(mesitylenesulfonyl)
hydroxylamine (1g), we planned (i) to determine the
reaction order in both reactants, (ii) to find structural
effects on the reactivity of carbanions, and also (iii) to find
the activation parameters.


We have been interested in the amination of a series of
substituted phenylmagnesium bromides and as a model
reagent, we chose phenylmagnesium bromide (Scheme 2).
Although the amination of phenylmagnesium bromides
were carried out at room temperature for synthetic
purposes,15 we carried out kinetic experiments at 5 8C to
�15 8C to follow the reaction easily.


We collected the rate data by taking seven to nine
samples at suitable reaction times keeping the concen-
tration of AR (1g) constant and concentration of Grignard

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

reagent (3a–e) in excess and varied to determine the
reaction order in 1g and in 3a–e.


In the experiments, we found the concentration of
formed amines (4a–e) by GLC analysis. Being interested
in the formation rate of amines, we calculated the
concentration of remaining AR (1g) at time t as [AR]t¼
[AR]o� [amine]t, where [AR]o is the initial concentration
of aminating reagent and [amine]t is the concentration of
formed N,N-dimethylanilines (4a–e) at time t.


The rate data were evaluated as pseudo-first-order and
plots of log[AR]t values versus time proved linear up to
60–80% completion of the reaction. Pseudo-first-order
plots for the amination of phenylmagnesium bromide at
5.0� 0.1 8C and 3-methoxyphenylmagnesium bromide at
�10.0� 0.1 8C are given in Fig. 1. Pseudo-first-order rate
constants k1 were calculated by linear regression analysis
(r� 0.99). In order to test the effect of varying
concentration of Grignard reagents (3a–a) on k1 values,
we chose phenylmagnesium bromide (3a) as a model
reagent. The concentration of 3a was varied between 10
and 30 times that of AR (1g). The results taken at two
different temperatures, that is, 5.0� 0.1 8C and
�10.0� 0.1 8C are given in Table 1 and the data are
plotted in Fig. 2. Linear regression analysis of the logk1


values versus log[C6H5MgBr] yielded a slope of 1.00
(r¼ 0.9971) for the reaction at 5.0� 0.1 8C and a slope of
1.04 (r¼ 0.9842) for the reaction at �10.0� 0.1 8C,

2
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Figure 1. Typical first-order plots for the reaction of (a)
phenylmagnesium bromide (3a) (*) and (b) 3-methoxy-
phenylmagnesium bromide (3e) (~) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (AR) (1g) in THF.
Experimental conditions: (a) [C6H5MgBr]¼0.750M, c¼
[AR]¼0.025M, t¼ 5.0�0.1 8C. (b) [3-CH3OC6H4MgBr]¼
0.500M, c¼ [AR]¼0.025M, t¼0.0� 0.1 8C


Figure 2. Effect of phenylmagnesium bromide (3a) concen-
tration on the pseudo-first-order rate constants for the
reaction of phenylmagnesium bromide (3a) with
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine (AR)
(1g) in THF at 5.0�0.1 8C and at �10.0� 0.1 8C. Data
are from Table 1
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confirming the first-order reaction in Grignard reagent,
which we assumed in the competitive kinetic study of the
amination reaction of phenylmagnesium bromides (3a–e)
with O-methyl hydroxylamine (1a, R1¼CH3).30,31


Thus, the total rate law for the amination of
phenylmagnesium bromide (3g) with AR (1g) in THF
can be expressed by Eqn (1).


� d½AR�
dt


¼ k½C6H5MgBr�½AR�
¼ k1½AR�


The second-order rate constants k were calculated as
k¼k1=½C6H5MgBr� and taking the average of k values
gave 62.4� 1.3 M�1 min�1 at 5.0� 0.1 8C and 23.1�

Table 1. Effect of phenylmagnesium bromide concentration on
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at


[C6H5MgBr] (M)


t¼ 5.0� 0.1 8C


k1 (�103) (min�1) k (�103) (M�1 m


0.250 15.66 62.6
0.375 23.26 62.0
0.437 26.02 59.5
0.500 32.47 64.9
0.625 39.84 63.7
0.750 46.06 62.1


a [AR]¼ 0.025 M.
b k¼ k1/[C6H5MgBr].


Copyright # 2007 John Wiley & Sons, Ltd.

0.8 M�1 min�1 at �10.0� 0.1 8C with the uncertainty of
4–7%, which is in the error limit of GLC analysis. The
kinetic reactions of all substituted phenylmagnesium
bromides (3b–e) obeyed pseudo-first-order kinetics.


Electronic effects in the amination of Grignard
reagents with N,N-dimethylamino transfer reagent (1g)
were also investigated. Since deviations have been
observed with 4-CH3O and also with 4-Br and 3-Br
containing phenylmagnesium,30–32 -copper,31 and -zinc
reagents31 in the Hammett plots for their reactions, we
investigated kinetics of only alkyl and 3-CH3O-
substituted phenylmagnesium bromides at 0.0� 0.1 8C
for Hammett relationship. We calculated the second-order
rate constants k of substituted phenylmagnesium bro-
mides (3b–e) with 1g under pseudo-first-order conditions
and correlated with Hammett s constants (Table 2).
Hammett plot gave a reasonably straight line with a value
of r¼�1.02 (r¼ 0.918) for the reaction constant (Fig. 3).
The sign of the reaction constant indicates that the
reaction is decelerated with electron attracting substi-
tuents and this result is consistent with the electrophilic

the reaction rate of phenylmagnesium bromide (3a) with
two different temperaturesa


t¼�10.0� 0.1 8C


in�1)b k1 (�103) (min�1) k (�103) (M�1 min�1)b


5.89 23.0
7.83 20.9


10.13 23.2
12.21 24.4
14.97 22.9
17.96 23.9
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Figure 3. Variation of rate constants with Hammett sub-
stituent constants for the amination of substituted phenyl-
magnesium bromides (3a–e) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at
0.0� 0.1 8C. Data are from Table 2


Table 2. Rate constants for the amination of substituted
phenylmagnesium bromides (3a–e) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at
0.0� 0.1 8C.


Substituent sa k (�103) (M�1 min�1)b


4-(CH3)3C �0.20 90.6
4-CH3 �0.17 90.3
3-CH3 �0.07 59.1
H 0.00 45.5
3-CH3O 0.12 47.4


a Substituent constants are taken from Ref. 33.
b Second-order rate constants were calculated under pseudo-first-order
conditions.
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character of the AR in the rate determining step. It is quite
impressive that we already obtained31 a value of
r¼�0.95 for the reaction of substituted phenylmagne-
sium bromides with O-methyl hydroxylamine
(1a, R1¼CH3) in THF at �15.0� 0.1 8C. The similarity
of these two reaction constants shows33 that there is
almost no difference in the amount of carbanion character
and thus no difference in the extent of C—N bond
formation in the transition states of the reactions of
substituted phenylmagnesium bromides with �NH2


transfer reagent (1a) and �N(CH3)2 transfer reagent (1g).
The above kinetic data and Hammett relationship


demonstrate that C—N coupling of aryl Grignard reagents
with N,N-dimethylamine O-(mesitylenesulfonyl)hydro-
xylamine 1g seems to take place by a formal SN2
displacement involving donation of the electrons of
carbanions derived from Grignard reagents 3a–e to sp3N
in the N—OY bond of aminating reagent 1g (Scheme 3).
This study also supports the mechanism that we proposed
in the competitive kinetic study of the aryl Grignard
reagents with sp3N type31 and also sp2N type30 ARs.


We also tried to find the activation entalphy AH 6¼ and
activation entropy AS 6¼ for the amination of phenylmag-

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

nesium bromide (3a) with N,N-dimethylamino transfer
reagent (1g) hoping that the value of AS 6¼ will be negative
due to the decreased disorder in the transition state. On the
electrophilic amination, coupling of aryl magnesium
bromides with the aminating reagent is expected to lead to
the formation of transition state (5). Beak’s23,24 group
also gave experimental information supporting the
structure of a similar transition state in the electrophilic
amination of organolithiums with a sp3N type AR.


The second-order rate constants k of the reaction of 3a
with 1g were calculated at different temperatures and k
were obtained to be 62.1 M�1 min�1 (from the data in
Table 1), 45.5 M�1 min�1, 23.1 M�1 min�1 (from the data
in Table 1), and 16.7 M�1 min�1 at 5.0, 0.0, �5.0, �10.0,
and �15.0 8C, respectively. Eyring plot of In(k/T) versus
1/T was found linear (r¼ 0.9985) (Fig. 4) and activation
parameters AH 6¼ ¼ 36.7� 3.0k lmol�1 and AS 6¼ ¼
�135.3� 9.0 J mol�1 K�1 were determined from the slope
and intercept of the line, respectively.34,35 The uncertain-
ties in AH 6¼ and AS6¼ were determined from the mean
deviations in the slope and intercept of this line, respec-
tively. The value of AS6¼ is consistent with an associative
process in the formation of transition state as expected.

3
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Figure 4. Eyring plot for the reaction of phenylmagnesium
bromide (3a) with N,N-dimethyl O-(mesitylenesulfonyl)
hydroxylamine (1g) in THF
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It is known that in SN2 reactions, activation parameters
should be negative, but, as solvation plays an important
role, the range of values will depend upon the charge type
in the formation of transition state and also upon the
solvent.36,37 For charge separation, numerical values of
activation entropies were reported to be �90 to
�120 J mol�1 K�1, whereas lower numerical values of
activation entropies, that is, �20 to �40 J mol�1 K�1


were reported for charge delocalization. Activation
entropy also assumes a larger negative value if transition
state is solvated more extensively than the reactants.
Then, AS6¼ value in the reaction of phenylmagnesium
bromide (3a) with N,N-dimethylamino transfer reagent
(1g) provides an explanation of almost total absence of
�N(CH3)2 species as well as the development of a partial
charge in the formation of transition state.


In conclusion, our first direct kinetic study, Hammett
relationship, and activation entropy for the homogeneous
electrophilic amination of phenyl Grignard reagents with
N,N-dimethylamine O-(mesitylenesulfonyl)hydroxylamine
support the proposed SN2 type substitution mechanism for
organolithium and Grignard reagent derived carbanions
with sp3N type amino transfer substrates. The results are
also consistent with our previous competition experiments
for electrophilic amination31 of phenyl Grignard reagents
with O-methyl hydroxylamine.

EXPERIMENTAL


All experiments were carried out under dry nitrogen
atmosphere using oven-dried glassware and standard
syringe rubber septum techniques.38 THF was distilled

Copyright # 2007 John Wiley & Sons, Ltd.

from sodium benzophenone dianion. The magnesium
generally used was more than 99.9% pure. Aryl bromides
were purchased and purified according to the published
procedures. Grignard reagents (3a–e) were prepared in
THF by conventional standard methods found elsewhere
and their concentrations were found prior to use by
titration with sec-butyl alcohol using O-phenanthroline as
an indicator.39 Authentic samples of N,N-dimethyl-
anilines were prepared by our reported procedure15 using
amination of arylmagnesium bromides with N,N-dime-
thyl O-(mesitylenesulfonyl)hydroxylamine.


The kinetics were followed by measuring the
concentration of formed amines by GLC analysis using
internal standard technique on a ZB-5 capillary column
(immobilized with phenylpolydimethylsiloxane) on a
Thermo Finnigan gas chromatograph equipped with a
flame ionization detector. In a jacketed reaction vessel of
approximately 50 ml capacity capped with rubber septum
and equipped with a magnetic stirrer, THF solution of
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine 1g
and internal standard was thermostated. Beginning at
least 2 min after rapid injection of THF solution of
arylmagnesium bromide, alıquots (8–12) were withdrawn
at appropriate times by syringe and were added to a vial
containing a saturated NaHCO3 solution for hydrolysis
and ether. Extraction of amine and internal standard to the
ethereal phase was found to be essentially quantitative.
The ethereal phase was analyzed by GLC. Generally,
self-consistent data could be obtained for two half lives.
Observed pseudo-first-order rate constants were calcu-
lated from plots of logc versus time t. c is the
concentration of remaining aminating reagent (AR)
(1g) at time t� and is calculated as c¼ [AR]t¼
[AR]o� [amine]t where [AR]O and [amine]t are the
initial concentration of 1g and concentration of amine at
time t, respectively. Reproducibility of the rate constants
was generally �4%, which is in the error limit of GLC
analysis.
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ABSTRACT: For some photochromic compounds (58 diarylethenes and 9 fulgimides), the results of our spectral and
kinetic studies are presented. Aiming at targeted synthesis of new photochromic compounds, the structure –
photochromic behavior relationship (SPBR) for the synthesized compounds has been analyzed. The perspectives
for application of these compounds in development of recording media for use in optical memory devices are outlined.
Copyright # 2007 John Wiley & Sons, Ltd.
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Scheme 1

INTRODUCTION


Interest in photochromic compounds and systems
exhibiting a reversible change in their optical parameters
(absorption, emission, refractive index, etc.) under the
action of activating radiation is prompted by their
potential practical implementation.1–4


Recent progress in the laser and information technol-
ogies makes photochromic materials promising for use as
recording media in devices for recording, storage, and
processing of optical information.


Development of information technologies (such as
telecommunications and databases with super-high in-
formation capacity) requires a new organization of
memory devices that would surpass the existing
magnetic, magneto–optical information carriers, CD
and DVD devices in their information capacity.4 In this
context, of especial interest are multilayer optical disks
for three-dimensional (3D) bitwise working optical
memory in which information recording is based on
the principle of two-photon absorption.


A possible approach to resolution of the problem has
been suggested by the discovery of thermally irreversible
photochromic compounds5 which, unlike the most of
conventional ones, undergo the interconversion between
their two forms A and B only under the action of
activating radiation (Scheme 1). Such compounds (not so
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numerous in their count) have been found among some
diarylethenes,6–8 fulgides, fulgimides,9,10 phenoxy deri-
vatives of quinine,11 etc.

This work was focused on outlining the perspectives
for practical implementation of some recently synthes-
ized thermally stable diarylethenes and fulgimides as
photochromic rercording media. Accordingly, we inves-
tigated the properties not of individual molecules but of
the overall processes taking place under the action of
exciting radiation in the systems formed by the above
molecules: position of absorption maxima for two
thermally stable forms of the above compounds, rate
constants for photocoloration and photobleaching, photo-
induced changes in the maximum optical density of the
photoinduced form, and photodegradation (fatigue) of the
photochromic system under the combined (simultaneous)
action of UV and visible radiation.


Candidate photochromic compounds for use in
recoding media have to meet the following requirements:

– A

bsorption bands of both the forms must comply
with emission wavelengths of existing pulsed lasers;

– H

igh sensitivity to photoinduced changes in the optical
density;

– C

lose rates for direct and reverse photoconversion at
the same light intensity;
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– M

aximum tolerance for irreversible phototransforma-
tions (fatigue resistance).

EXPERIMENTAL


The absorption spectra in the range 200–800 nm (toluene,
C¼ 2.10�4 M) as well as position of absorption band
maxima for the initial A (lAmax, nm) and photoinduced B
(lBmax, nm) form were measured with a Varian Cary
50 spectrophotometer. The photoinduced (closed) form
B was formed upon UV irradiation (Hg lamp
DRSh-250þUV-transmitting glass filter). Return to the
initial form A was achieved upon irradiation within the
absorption band of form B (the same lampþ glass filters
transmitting in the visible). The kinetics of photocolora-
tion and photobleaching under the action UV and visible
radiation was measured at lBmax. The kinetic curves were
used to determine the photoinduced optical density DB


max


and the rate constants for photocoloration (kAB, s�1) and
photobleaching (kBA, s�1) at the comparable intensities of
exciting irradiations. The values of DB


max were used as a
measure of the light sensitivity of the compounds under
study. The relative efficiency of photocoloration and
photobleaching was characterized by the kAB/kBA ratio.


The photodegradation (fatigue) curves were obtained
upon irradiation of solutions with unfiltered radiation
from the above Hg lamp. As a measure of photodegrada-
tion (fatigue resistance), we used the half-decay time
(t0.5, s) for the photostationary value of DB.


In between the experiments, the solutions were kept in
the dark.


Photochromic properties of diarylethenes


Photochromism of diarylethenes (DAEs) is based
(Scheme 2) on reversible photocyclization of the open

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

(UV-absorbing) form A into the closed (cyclic) form B
(absorbing in the visible).


In the experiments, we used the following recently
synthesized12–15 thienyl-containing DAEs containing
five-membered cyclic bridging groups: perfluorocyclo-
pentenes I, cyclopentenes II, maleic anhydrides III,
lactones IV, 5-R-furan-2-ones V, 1-R-maleimides VI,
1,3-dioxalan-2-ones VII, 3-N-oxazol-2-ones VIII, 1-R-
imidazoles IX, 2-R-thiazoles X, 6-R-pyridazin-3-ones
XI, 2-phenyl-4-R-thiazines XII, pyrrolo[2,3-d]pyrimid-
ines XIII, 2-R-cyclopentenediones XIV, and 2,2-
R,R0-cyclopentenediones XV (Scheme 2).


The open form A of all the thienyl derivatives I
(Table 1, Fig. 1) exhibits absorption in the spectral range
285–320 nm. Position of lAmax is virtually independent of
the molecular structure of these compounds. For
compound D1, lBmax ¼ 625 nm (Table 1, Fig. 1).


The open form A of benzothienyl analogs absorbs at
longer wavelengths while lBmax is blue-shifted down to
555 nm (Table 1). Both compounds exhibit acceptable
light-sensitivity. Unlike thienyl derivatives, benzothienyl
analogs show a better photocoloration/photobleaching
ratio. Benzothienyl analogs exhibit a higher fatigue
resistance.


On going from perfluorocyclopentene to cyclopentene
bridging groups (compounds D3 and D4 from group II),
the values of lBmax undergo a hypsochromic shift down to
495 nm, while the values of lAmax become shifted toward
longer wavelengths (Fig. 2).


Like derivative D2, compound D3 exhibits a higher
light sensitivity (at the same kAB/kBA ratio) and lower
fatigue resistance (although to an extent tolerable for
potential applications).


In contrast to the above compounds, derivative D4
exhibits only a slightly pronounced photochromic
behavior, which can be associated with the cis–trans-
photoisomerization of the aza-containing moieties.

2
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Table 1. Spectral and kinetic characteristics of DAEs I and II


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D1 290 625 1.44 21.0 70


D2 330 555 1.10 1.0 1040


D3 340 495 1.75 1.3 750


D4 385 500 Slightly pronounced
photochromic behavior


Figure 1. Absorption spectra of compound D1 in toluene
(C¼ 2 � 10�4 M) before (1) and after successive UV irradia-
tion (lex 313 nm) for 5 s (2), 15 s (3), 30 s (4), 1 min (5), and
2 min (6)


Figure 2. Absorption spectra of compound D3 in toluene
(C¼2 � 10�4M) before (1) and after successive UV irradiation
(curves 2–7)
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Table 2. Spectral and kinetic characteristics of DAEs III and IV


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D6 295 510 0.48 24 1.0


D7 430 625 2.30 0.6 400


D8 315 455 0.4 130


D9 R1¼Ph 340 470 0.8 3.1 120
D10 340 455 0.78 2.9 200


D11 310 405 1.0 >500


Figure 3. Absorption spectra of compound D7 in toluene
before (2) and after irradiation at lex 546 (1) and 436 nm
(3–6)
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Among DAEs III, compounds D6 and D7 showed
strongly different spectral characteristics of the closed
form B (Table 2), lBmax for compound D7 being red-shifted
(Fig. 3). Compared to D6, this compound exhibits a
higher light sensitivity, acceptable photocoloration/
photobleaching ratio, and poor fatigue resistance. In
view of the very low t0.5 values, compound D6 can hardly
be recommended as a candidate for practical imple-
mentation.


Compared to DAEs III, compounds D8–D11 from
group IV exhibit absorption at shorter wavelengths
(Table 2). On going from the methyl (compound D8)
to phenyl substituent (compound D9), lBmax undergoes a
bathochromic shift accompanied by a twofold increase in
the light sensitivity. Annelation of the benzene ring to the
thienyl moiety (compound D10) gives rise to an
insignificant hypsochromic shift of lBmax accompanied

Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 1007–1020
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by an increase in t0.5. Still further hypsochromic shift of
lBmax and a decrease in t0.5 was observed for compound
D11. All compounds of group IV exhibit acceptable kAB/
kBA ratios.


The light sensitivity and fatigue resistance of com-
pounds Vare generally lower that those of compounds IV
(Table 3).


The bathochromic shift (compared to D12) of lBmax is
exhibited by compound D13 (Table 3). In the presence of
amine substituent (compound D14), no signs of photo-
chromic behavior were found.


Replacement of one of thienyl groups in D13 by the
thiazole moiety (compounds D15 and D16) leads to a
marked hypsochromic shift of lBmax. Annelation of the
benzene ring (compound D17) causes still further shift of
lBmax to shorter wavelengths. Photochromic properties
disappear upon introduction of the trimethoxy-substituted
phenyl ring into the cyclopentene moiety (compound
D18). This compound seems to be present only in its
form B.

Table 3. Spectral and kinetic characteristics of DAEs V


DAE Structure lAmax, nm


D12 300


D13 R2¼ p-OCH3-Ph 375
D14 R2¼ p-N(CH3)2-Ph 445
D15 400


D16 R¼ p-Br-Ph 380
D17 385 (1.2)


D18 410


Copyright # 2007 John Wiley & Sons, Ltd.

The symmetric maleimide derivatives D19, D20 from
group VI (Table 4) are characterized by the identical
position of lBmax, while the absorption bands of form A are
shifted to longer wavelengths. Annelation of the benzene
ring to the thienyl residue (compound D20) does not
affect the spectral characteristics of A and B but markedly
improves the fatigue resistance. Replacement of one of
the thienyl moieties by the indoline fragment (compound
D21) still further improves the fatigue resistance and
strongly enhances the light sensitivity. As compared to
D19, compounds D20 and D21 exhibit a better
photobleaching/photocoloration ratio.


In contrast to other compounds of this group, the
absorption bands of compounds D22–D25 in their form B
are red-shifted: form B of compound D22 shows two
absorption bands peaked at 420 and 595 nm (Fig. 4).


With increasing electron-donating ability of substitu-
ents in the bridging group (compounds D23, D25), the
values of lAmaxand lBmaxundergo a slight shift to longer
wavelengths (compared to D22). The presence of the

lBmax, nm DB
max kAB/kBA t0.5, s


515 0.35 1.4 90


550 0.51 8.3 70
no photochromic behavior


510 0.4 3.3 150


500 0.88 3.1 90
470 (0.1) 0.45 9.6 200


no photochromic behavior
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Table 4. Spectral and kinetic characteristics of DAEs VI


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D19 400 505 0.26 5.2 20


D20 405 510 0.13 0.2 360


D21 410 510 2.0 0.2 560


D22 290 420, 595 0.65 12.0 32


D23 R¼Ph, R1¼CO(OCH3) 295 425, 605 0.86 2.7 70
D24 290 420/595 2.0 6.7


D25 295 425, 605 0.37 3.9 20


(Continues)
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Table 4. (Continued)


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D26 245, 290, 390, 470 no photochromic behavior


D27 R¼O(CH2)COOEt 235, 280, 435 no photochromic behavior
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separating —CH2— unit between the bridging and phenyl
groups (compound D24) suppresses the effect of phenyl
substituent on the spectral parameters and markedly
improves the light sensitivity. All of the above compounds
VI showed good kAB/kBA ratios. CompoundsD26 and D27
did not exhibit photochromic transformation altogether.


The most blue-shifted absorption of form B
(lBmax < 520 nm) was observed for the azole derivatives
from group VII (Table 5).


The presence of methyl substituents in thienyl moieties
(compounds D28 and D29) gives rise to the bathochromic
shift of lBmax and improvement of the light sensitivity (at
close kAB/kBA ratios). Replacement of one of thienyl
fragments by the inverted one (compound D31) shifts
lBmax to shorter wavelengths and increases the light
sensitivity. Upon replacement of the second thienyl
fragment (compound D32), the photochromic behavior
disappears. Similar to compounds D19 and D21 from
group VI, the symmetric compound D30 (containing two

Figure 4. Absorption spectra of compound D22 before (1)
and after irradiation with the UV (2) and visible (3) light. This
figure is available in colour online at www.interscience.
wiley.com/journal/poc


Copyright # 2007 John Wiley & Sons, Ltd.

benzothienyl fragments) and its thienyl analog D29 show
the identical values of lBmax. For compoundsD28 andD29,
photocoloration was found to prevail over photobleach-
ing. The inverse situation is typical of compounds D30
and D31. The fatigue resistance of compounds VII is
lower than that of compounds I–VI.


The structure–photochromic behavior relationship
(SPBR) for compounds VIII (Table 6) was found to be
essentially the same as that for compounds VII.
Unfortunately, the fatigue resistance of these compounds
is rather low.


The spectral and kinetic data obtained for DAEs IX
revealed their low fatigue resistance, which makes these
compounds inapplicable for use as recording media in
optical memory devices.


The characteristics of compounds X–XII are presented
in Table 7. Compound D37 from group X exhibits
acceptable spectral and kinetic properties, although the
efficiency of photobleaching prevails over that of
photocoloration. Compound D38 from group XI is
characterized by the utmost red shift of lBmax (585 nm),
acceptable light sensitivity, and tolerable photocolora-
tion/photobleaching ratio. With the increasing electron-
accepting ability of substituent (compounds D38 and
D39), lBmax becomes blue-shifted while the fatigue
resistance grows.


Annelation of the benzene ring to one of the thienyl
fragments and replacement of another thienyl fragment
by the thiazolyl moiety (compound D40) gives rise to a
large hypsochromic shift of lBmax and to an increase in the
light sensitivity and fatigue resistance.


Compounds D41 and D42 from group XII undergo
photochromic transformations, but the absence of well-
pronounced absorption bands of the closed form B rules
out the possibility of their practical implementation.


Compounds D43–D46 from group XIII were found to
exhibit good light sensitivity (Table 8). Spectral
characteristics of these compounds depend on their
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Table 5. Spectral and kinetic characteristics of DAEs VII


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D28 295 425 0.18 1.3 90


D29 <300 450 0.41 1.1 25


D30 300 450 1.46 0.6 60


D31 310 410 0.8 0.8 80


D32 320 no photochromic behavior
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structure. Unfortunately, compounds of this group are
low-sensitive to the action of visible light and show a low
fatigue resistance, which makes them unsuitable for
potential applications.


Photochromic behavior of compounds D47–D52 from
group XIV depends on the type of substituent in the
bridging cyclopentene group and on the structure of the
thienyl fragments (Table 9). Compound D47 is charac-
terized by a red shift of lAmax and lBmax, moderate light
sensitivity, and low fatigue resistance. Its photocoloration
rate prevails over that of photobleaching.


Introduction of methyl substituent to the p-position of
the phenyl group (compound D48) leads to an insignif-
icant bathochromic shift of lBmax and to an increase in the

Copyright # 2007 John Wiley & Sons, Ltd.

light sensitivity. Replacement of one of thienyl fragments
by the thiazolyl moiety (compound D49) shifts lBmax down
to 520 nm and improves the fatigue resistance, without
significant decrease in the light sensitivity. But replace-
ment of the methyl-substituted group in the thiazolyl
moiety by the phenyl group (compound D50) is
accompanied by a growth of the fatigue resistance and
a marked drop in the light sensitivity.


Annelation of the benzene cycle to the thienyl fragment
(compounds D51 and D52) increases the photostability
but decreases the light sensitivity. Note that for
compounds D47 and D48, photocoloration was found
to prevail over photobleaching, while for compounds
D49–D52 the situation was reverse.
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Table 6. Spectral and kinetic characteristics of DAEs VIII


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D33 300 430 0.19 1.6 32


D34 290 455 0.46 1.9 8


D35 300 455 0.38 24


D36 325 no photochromic behavior
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Photochromic properties of compounds XV depend on
the presence/absence of second substituent in the bridging
cyclopentene group (Table 10). The presence of electron-
donating substituent (compounds D53–D57) leads to a
bathochromic shift of lBmax. Replacement of the thienyl
fragment by the thiazolyl residue markedly improves the
fatigue resistance. However, compound D58 (containing
two phenyl substituents in the cyclopentene fragment)
does not show photochromic behavior altogether.

Photochromic properties of fulgimides


Fulgimides are another type of light-sensitive compounds
for potential use as photochromic recording media in
optical memory devices.9,10 These compounds are known
to undergo thermally irreversible but photochemically
reversible interconversion between the open form A
(Z-isomer) and closed form B (C-isomer) (Scheme 3). For
some fulgides, these transformations may be complicated
by occurrence (under UV irradiation) of the reversible

Copyright # 2007 John Wiley & Sons, Ltd.

E–Z-photoisomerization which spectrally manifests itself
in the UV spectral range.


The spectral and kinetic characteristics of some
fulgimides (FULs) and bis-fulgimides (b-FULs)16 are
presented in Tables 11 and 12.


All investigated FULs exhibit intrinsic absorption in
the spectral range 290–330 nm. As an example, Fig. 5
presents the absorption spectra of compound F2 before
and after successive exposure to UV radiation. The
presence of the isosbestic point suggests that the A
interconversion is not complicated by involvement of
other reactive species; in other words, in our conditions
the E–Z isomerization is insignificant.


As follows from Table 11, the position of lAmax is
structure-dependent. With increasing electron-accepting
ability of substituent R, the values of lAmax undergo an
insignificant hypsochromic shift.


For all compounds F1–F5, the values of lBmax are within
the range 520–540 nm (Fig. 5, Table 11). With increasing
electron-accepting ability of substituent R, the absorption
band of B shifts toward longer wavelengths. The larger
lBmaxvalues are exhibited by compounds F1 and F2. The
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Table 7. Spectral and kinetic characteristics of DAEs X–XII


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D37 300 515 0.30 0.7 105


D38 325 585 1.2 1.4 70


D39 R¼ p-Br-Ph 335 530 1.2 1.1 130
D40 345 485 2.0 1.3 250


D41 <300 470 0.28 >300


D42 <300 420,470 0.68 2.5 100


Scheme 3
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Table 8. Spectral and kinetic characteristics of DAEs XIII


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D43 290 535 1.8 23.0 15


D44 310 560 0.96 28.0 120


D45a 290 530 1.8 13.8 10


D46a 315 550 0.96 6.2 10


a In acetonitrile.
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spectral data for compound F1 are consistent with the
reported ones 9. The compounds containing electron-
accepting substituents (F2–F5) show low values of kAB/
kBA.


The efficiency of photocoloration was found to
decrease on going from F1 to compounds F2–F5
containing the —N——N— link with substituent R. This
can be explained by a partial loss of photoexcitation
energy on the cis–trans-isomerization which does not
manifest itself in spectral changes during photochromic
transformations. The inverse behavior was observed for
the photoinduced transformation B!A. It is possible that

Copyright # 2007 John Wiley & Sons, Ltd.

the geometry of the cyclic form B favors the process of
photobleaching.


The spectral and kinetic characteristics of b-FULs
(except for BF4) are close (Table 12) to those of their
monomeric analog F2. The lBmaxvalues for these
compounds are slightly shifted to longer wavelengths
(as compared to F2). A decrease in the light sensitivity is
accompanied by an increase in the fatigue resistance.


Analysis shows that the photochromic properties of
fulgimides seem suitable for their use as photochromic
recording media in optical memory devices, although on
aggregate fulgimides are somewhat inferior to diarylethenes.
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Table 9. Spectral and kinetic characteristics of DAEs XIV


DAE Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D47 375 580 0.5 4.5 32


D48 R¼ p-CH3-Ph 375 585 0.77 7.2 45
D49


R¼m-OCH3-Ph
R¼CH3


370 520 0.65 0.4 210


D50 R¼m-OCH3-Ph 390 520 0.14 0.2 420
R1¼ Ph


D51 370 510 0.08


R¼m-OCH3-Ph
R1¼CH3


D52 R¼m-OCH3-Ph 395 525 0.09 0.3 >600
R1¼ Ph


Table 10. Spectral and kinetic characteristics of DAEs XV


DNA Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D53


R¼ p-CH3-Ph
R1¼CH3


375 595 0.7 5.6 55


D54 R¼ p-CH3-Ph 380 600 0.66 6.0 45


R1¼Ph


(Continues)
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Table 10. (Continued)


DNA Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


D55


R¼m-OCH3-Ph
R1¼R2¼CH3


370 510 0.63 0.6 300


D56 R¼m-OCH3-Ph 390 515 0.11 0.3 480
R1¼CH3, R2¼ Ph


D57


R¼m-OCH3-Ph
R1¼R2¼CH3


370 510 0.35 1.9 110


D58 R¼m-OCH3-Ph 395 no photochromic behavior
R1¼R2¼Ph


Table 11. Spectral and kinetic characteristics of some fulgimides (FULs)


FUL Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


F1 250, 325 522 0.75 1.2 25


F2 R¼NH2 325 520 0.9 1.0 70
F3 R¼NHCO2Bu 230, 280, 330 530 0.70 0.9 40
F4 R¼NPhCl 290 540 0.61 0.3 95
F5 R¼NPhNO2 305 540 0,65 0.4 100
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CONCLUDING REMARKS

(1) T

Copy

he spectral and kinetic characteristics of the inves-
tigated compounds (58 diarylethenes and 9 fulgi-
mides) suggest that some of these photochromic
compounds satisfy the requirements to candidate
materials for use in optical memory devices. The
above data imply that diarylethenes I–VI, X, XI,
XIV, and XV as well as fulgimides seem promising
for use as photochromic recording media in optical
memory devices. Variation in the structure of cyclo-
pentene and the thienyl moieties may be used for

right # 2007 John Wiley & Sons, Ltd.

adjusting their spectral and kinetic characteristics
within a wide range.

(2) A

 wide range of variation in the spectral parameters
of the open and cyclic forms of synthesized com-
pounds opens up new horizons for development of the
four-dimensional (4D) optical memory ensuring the
recording and retrieval of optical information not
only in the medium bulk but also at different wave-
lengths of laser radiation.

(3) T

he established structure–photochromic behavior
relationships provide a basis for targeted synthesis
of new photochromic compounds.
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Table 12. Spectral and kinetic characteristics of some bis-fulgimides (b-FULs)


b-FUL Structure lAmax, nm lBmax, nm DB
max kAB/kBA t0.5, s


BF1 250, 330 528 1.2 0.8 30


BF2 285, 335sh 530 1.48 0.4 50


BF3 310 530 1.05 0.4 50


BF4 335 495 0.75 0.1 220
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Figure 5. Absorption spectra of compound F2 in toluene
(C¼2 � 10�4 M) before (1) and after UV irradiation (l

ex


313 nm) for 0.5 (2), 1 (3), 2 (4), 4 (5), and 8 min (6)
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ABSTRACT: syn-2,2,4,4-Tetramethyl-3-{2-[3,4-alkylenedioxy-5-(3-pyridyl)]thienyl}pentan-3-ols self-associate
both in the solid state and in solution. Single-crystal X-ray diffraction study of the 3,4-ethylenedioxythiophene
(EDOT) derivative shows that it exists as a centrosymmetric head-to-tail, syn dimer in the solid state. The IR spectra of
the solids display only a broad OH absorption around 3300 cm�1, corresponding to a hydrogen-bonded species.
1H Nuclear Overhauser Effect Spectroscopy (NOESY) NMR experiments in benzene reveal interactions between the
tert-butyl groups and the H2 and H6 protons of the pyridyl group. Two approaches have been used to determine
association constants of the EDOT derivative by NMR titration, based on the concentration dependence of (i) the syn/
anti ratio and (ii) the OH proton shift of the syn rotamer. Reasonably concordant results are obtained from 298 to 323K
(3.6 and 3.9M�1, respectively, at 298K). Similar values are obtained from the syn OH proton shift variation for the
3,4-methylenedioxythiophene (MDOT) derivative. Concentration-dependent variation of the anti OH proton shift in
the latter suggests that the anti isomer associates in the form of an open, singly hydrogen-bonded dimer, with a much
smaller association constant than the syn rotamer. Self-association constants for 3-pyridyl-EDOT-alkanols with
smaller substituents vary by a factor of 4 from (i-Pr)2 up to (CD3)2, while the hetero-association constants for the same
compounds with pyridine vary slightly less. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894–3230/suppmat/
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INTRODUCTION


The hydrogen bond is a non-covalent force arising from
the electrostatic interaction between an electronegative
donor group, D, consisting of a hetero-atom, usually
oxygen or nitrogen, bearing a covalently bound
hydrogen atom, and an electron-acceptor, A, again O
or N, in another or the same molecule. This type of
bonding, albeit much weaker than covalent bonding, is
one of the most important factors determining the
three-dimensional structures of supramolecular assem-
blies in chemical and biochemical systems.1 The very
simplest bonding situation is that where two different
molecules carry a single donor and a single acceptor,


and interact in a 1:1 ratio: A���D. Such 1:1 hydro-
gen-bonded complexes are intrinsically unstable,
because of the weakness of the hydrogen bond, and
are easily disrupted by solvation of the acceptor and/or
donor sites. Multiplication of the number of hydrogen
bonds by the inclusion of several sites leads to more
complicated bonding patterns and enhanced stability.2


The extreme situation is that of water, where the entire
molecular surface consists of donor and acceptor
groups, the cooperative effect of which leads to stability
out of all proportion to the strength of the hydrogen bond
in the water dimer.3


In this work we shall consider O—H���N bonding in
species where the donor and the acceptors are present in
the same molecule, giving rise potentially to a centro-
symmetric array. This is a key step towards the cons-
truction of supramolecular architectures based on a
relatively uncommon type of hydrogen bonding. Previous
work on self-association by O—H���N bonding in
pyridine-substituted alcohols is limited to three stu-
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Brosse, 75005 Paris, France.
E-mail: lomas@itodys.jussieu.fr


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 410–421







dies.4–6 Early NMR4 and IR5 spectroscopic studies on
(2-pyridyl)alkanols reveal intermolecular as well as
intramolecular hydrogen bonding due to the proximity of
the OH group and the nitrogen atom. More generally,
pyridyl derivatives of simple alkanols, X-pyridyl
(CH2)nOH, where X¼ 2, 3, or 4 and n¼ 1, 2, or 3,
corresponding to methanol, ethanol, or propanol, respect-
ively, form hydrogen-bonded self-association complexes,
probably open and/or cyclic dimers as well as cyclic
trimers and tetramers.6 In the sterically hindered
2,2,4,4-tetramethyl-3-(X-pyridyl)pentan-3-ols, the pyri-
dyl group and the encumbered OH hydrogen are
paradoxically too close for cyclic dimers or higher
n-mers to be formed, though NMR studies are consistent
with association (not X¼ 2), presumably as open dimers
or n-mers.6 Our aim was to find a rigid spacer


which would prevent intramolecular O—H���N hydrogen
bonding, at the same time as it reduced the
impact of steric hindrance and would thereby allow
self-association of such alcohols. A suitable system
was suggested by work on the 3-alkoxy,7 3,4-dialkoxy,7


and 3,4-alkylenedioxy7–10 derivatives of 2,2,4,4-tetra-
methyl-3-(2-thienyl)pentan-3-ols, which exist in two
rotameric forms, where the hydroxy hydrogen is either
intramolecularly hydrogen-bonded (anti) or ‘free’ (syn).
Hydrogen-bond-acceptor solvents such as pyridine and
DMSO favor the syn form in which the OH group is
hydrogen-bonded to the solvent (A���D hetero-associat-
ion). If an acceptor group is introduced into such a
molecule with a suitable geometry, self-association
should occur. To test this prediction we have synthesized
two 5-(3-pyridyl) derivatives of 2,2,4,4-tetramethyl-
3-[2-(3,4-alkylenedioxy)thienyl]pentan-3-ols, 1 and 2a.
Their IR and NMR spectroscopic behavior has been
investigated and the single-crystal X-ray diffraction
structure of 2a determined. Equilibrium constants for
self- and hetero-association (with pyridine) of 2a and less
encumbered species 2b–d (t-Bu replaced by i-Pr, Et, or
Me), determined by NMR titration, establish that steric
effects on association are small.


RESULTS AND DISCUSSION


Synthesis


2-(X-Pyridyl)-3,4-alkylenedioxythiophenes, 4–6 (X¼ 2
or 3), were prepared by reaction of the appropriate
2-(tri-n-butylstannyl)thiophene with X-bromopyridine in
DMF at 120 8C catalyzed by bis(triphenylphosphine)palla-
dium(II) chloride (Stille reaction).11 The 3,4-substituted
2,2,4,4-tetramethyl-3-{2-[5-(3-pyridyl)]thienyl}pentan-3-
ols, 1, 2a, and 3, were synthesized from the above by
lithiation with n-BuLi/TMEDA in diethyl ether at room
temperature followed by reaction with 2,2,4,4-tetra-
methylpentan-3-one. Less encumbered derivatives 2b–d
(R¼ i-Pr, Et, or Me) were synthesized in the same way
from 5 at �75 8C.


Single-crystal X-ray diffraction structure
of syn-2-2,4,4-tetramethyl-3-{2-[3,4-
ethylenedioxy-5-(3-pyridyl)]thienyl}pentan-
3-ol, 2a


The unit cell of compound 2a contains a centrosymmetric
pair of molecules associated by two hydrogen bonds
between the OH hydrogens and the pyridine nitrogens, the
distance between the oxygen and nitrogen atoms being
2.86 Å. The—C(t-Bu)2OH group is in the syn orientation,
and the pyridine ring is at about 208 to the thiophene ring
(Fig. 1). Selected bond lengths, bond angles, and torsion
angles are given in SupplementaryMaterial Table S1 with
a labeled CAMERON diagram.


Although O—H���N hydrogen bonding occurs in a
large number of structures determined by X-ray diffrac-
tion – a search for crystallographic data with ConQuest (v.
1.8, CDDC, Cambridge, UK) gave about 1200 hits with
H���N distances between 1.5 and 2.5 Å – only two other
structures appear to involve similar centrosymmetric
pairs joined through weak hydrogen bonds, with N���O
distances of 3.03 and 2.95 Å.12 One of these involves a
pyridine ring and a phenolic OH,12a the other an
imidazole ring and an alcoholic OH.12b
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1H NOESY NMR experiments on 2,2,4,4-
tetramethyl-3-{2-[3,4-alkylenedioxy-5-
(3-pyridyl)]thienyl}pentan-3-ols


As compound 1 exists very predominantly as the syn
rotamer, no cross-peaks corresponding to the anti isomer
are detected. The 2D 1H Nuclear Overhauser Effect
Spectroscopy (NOESY) NMR spectrum of 1 in benzene
displays correlations between the tert-butyl groups of the
syn rotamer and the {H2, H6} pyridine protons, the
correlations with H6 being stronger. This correlation is
particularly significant, since H6 is the most remote from
the tert-butyl groups of the same sub-unit in both
rotamers, regardless of the orientation of the pyridyl
group. Furthermore, there are also correlations between
the syn OH proton and the same pyridyl protons, though
that with H6 is weak (Fig. 2). According to the X-ray
crystallographic structure of 2a there are four small
distances between tert-butyl group protons and the
pyridyl H6 (2.45, 3.53, 3.73, and 3.91 Å); there is only
one similar distance for H2 (3.50 Å). Crystallography
indicates that for 2a the OH���H2 distance (3.05 Å) is
greater than OH���H6 (2.88 Å). Nevertheless, in 1, which
would be expected to have a very similar structure, the
correlation peak for OH���H2 appears to be more intense
than that for OH���H6. These contacts are consistent with
the presence of an associated species in which the
tert-butyl groups of one sub-unit are brought close to the
pyridyl substituent of a second sub-unit.


The NOESY experiment on 2a is complicated by the
fact that the effective concentration of the self-associated
species is small, owing to the low solubility, the presence


of about 45% of the anti rotamer, and the apparently low
association constant (Supplementary Material Figure S1).
Weak correlations are observed for the tert-butyl signal of
the anti rotamer with the {H2, H4} pyridyl protons. For
the syn isomer of 2a there are correlations between the
tert-butyl group and only the {H2, H6} protons. An un-
expected feature of the NOESY spectrum is a cross-peak
corresponding to the tert-butyl group of the syn
isomer and the OH group of the anti isomer. This is
attributed to fast chemical exchange of the OH group
protons between the different rotamers during the mixing
time, an explanation confirmed by a 1D homonuclear
decoupling experiment, in which irradiation at either OH
proton frequency leads to a marked reduction in the signal
of the other OH proton (Supplementary Material
Figure S2).


IR Spectroscopy


On the basis of their wavenumbers and shapes, nOH bands
are assigned to the different alcohol isomers in carbon
tetrachloride (1 and 2a–d) and to solid samples deposited
from solution onto a KBr plate (1, 2a, and 3) (Table 1).
The strong, very broad signals at low wavenumbers for 1
and 2a in the solid state are consistent with a structure in
which the OH group is hydrogen-bonded to the pyridyl
nitrogen in an associated form of the syn rotamer. For the
2-pyridyl-EDOT derivative, 3, there is no association
band whatsoever in the cast spectrum, simply two
absorptions, corresponding to the syn and anti rotamers.


Previous work7 on analogs lacking the 3-pyridyl
substituent facilitates the assignment of the free syn and
intramolecularly hydrogen-bonded anti OH vibrations in
1, 2a, and 3 around 3600 cm�1, but for 2b–c the
wavenumber differences are smaller and the assignments
less reliable. Alcohol 2d gives only a single broad
absorption in this region. For alcohol 1 there is a very
broad band at 3310 cm�1, with a red-shift of about
310 cm�1 relative to the free syn, while for 2a the
red-shifts of the two weak bands are 410 and 330 cm�1.
That both are weak is due to the poor solubility of this
material and the fact that nearly half is in the anti form
(for 1 there is only 10%which is not syn – see below). For
2b–d the absorptions of the free syn and anti rotamers are
accompanied in all cases by strong bands attributed to an
associated form of the syn rotamer, with the red-shift
increasing from about 330 to 350 to 370 cm�1 as the
substituent becomes smaller.


Self-association constants for {2-[3,4-
alkylenedioxy-5-(X-pyridyl)]thienyl}-alkanols


1H NMR titration. Benzene solutions of 2,2,4,4-
tetramethyl-3-{2-3,4-alkylenedioxy-5-(3-pyridyl)]thi-
enyl} pentan-3-ols, 1 and 2a, and of 2,2,4,


Figure 1. CAMERON diagram for syn-2-2,4,4-tetramethyl-
3-{2-[3,4-ethylenedioxy-5-(3-pyridyl)]thienyl} pentan-3-ol,
2a, showing 30%probability displacement ellipsoids. Hydro-
gen atoms, except OH, have been omitted for clarity
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4-tetramethyl-3-{2-[3,4-ethylenedioxy-5-(2-pyridyl)]thi-
enyl}pentan-3-ol, 3, at various concentrations were
studied by NMR spectroscopy. For compound 1 the
shifts of the OH proton, the methylene, and the tert-butyl
group protons in the very predominant syn isomer


(ca. 91%) increase with concentration; that of the anti
OH proton increases very slightly, but the other signals
of the anti isomer are difficult to differentiate and,
depending on the temperature, are partially or totally
coalesced with those of the syn isomer (Supplementary
Material Table S2). For 2a the shifts of the OH proton
and the tert-butyl group protons of the syn isomer
also increase with concentration, while the corres-
ponding shifts for the anti isomer are virtually constant
within the experimental error (Supplementary Material
Table S3).


The variations in the shifts of certain protons in
compounds 1 and 2a are consistent with the formation
of a self-associated species of the syn conformer.
While the antiÐsyn rotation (equilibrium constant K1)
is slow on the NMR time-scale and, consequently,
gives rise to well defined peaks for each rotamer,
the freeÐassociated interconversion (equilibrium const-
ant K2) is rapid and does not give separate signals but a
single somewhat broadened signal (Scheme 1). In view of
the results of the X-ray diffraction study it seems


Table 1. IR OH stretching vibrations (nOH in cm�1) for
{2-[3,4-alkylenedioxy-5-(X-pyridyl)]thienyl}alkanols 1, 2a–d,
and 3


Cpd. nOH Free syn nOH Bound anti nOH Bound syn n-mer


1a — — 3300
2aa 3562 3280
3a 3605 3570 —
1 3624 3613 3310
2a 3604, 3627 3576 3220, 3300
2b 3619 3598 3285
2c 3610 3601 3250
2d 3600 3600 3235


a Solid deposited onto KBr plate from CH2Cl2 solution; all others in CCl4.


Figure 2. 2D NOESY spectrum of 2,2,4,4-tetramethyl-3-{2-[3,4-methylenedioxy-5-(3-pyridyl)]thienyl}pentan-3-ol, 1, in
benzene at 293K
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reasonable to assume that in solution the associated
species is also a cyclic dimer.


In what follows, S, A, and SS refer to the syn rotamer,
the anti rotamer, and the syn dimer, respectively; [ROH]o
is the analytical concentration of the alcohol. Taking
(dOH)


syn, the chemical shift of the synOH, as the weighted
average of the shifts of the monomer, dS, and of the dimer,
dSS, following Chen and Shirts,13 we have Equation (1):


ðdOHÞsyn ¼ dSþðdSS � dSÞ ð1þ 8K2½S�oÞ1=2 � 1


ð1þ 8K2½S�oÞ1=2 þ 1
ð1Þ


where [S]o is the analytical concentration of the syn
rotamer. If R is the syn/anti ratio, [S]o/[A]o, where
[S]o¼ [S]þ 2[SS], and [A]o is the concentration of the
anti rotamer, Equation (2) applies:


½S�o ¼
R½ROH�o
1þ R


(2)


Since measurements are only possible at low monomer
and, therefore, low dimer concentration, the value of the
chemical shift of the OH proton in the associated form,
dSS, is poorly defined by parameter optimization through
Equation (1).14 This difficulty is overcome by determin-
ing the hetero-association constant with pyridine in
benzene and, at the same time, dSpy by means of Equation
(3):15


ðdOHÞsyn ¼ dS þ ðdSpy � dSÞ
2½S�o


B� ðB2 � 4½S�o½py�oÞ1=2
n o


(3)


where B¼ ½S�oþ½py�oþ1=K; [py]o is the analytical
pyridine concentration. In order to minimize the
effect of self-association these measurements were
made at low alcohol concentration: at the lowest
pyridine concentration not more than 1% of the
alcohol is self-associated. Values of K, dSpy, and dS
are determined by fitting the experimental values of
(dOH)


syn to those of [S]o and [py]o by means of the
non-linear least-squares curve fitting option of the Origin
program (Microcal Software, Inc., now OriginLab
Corporation, One Roundhouse Plaza, Northampton,


MA01060, USA), which uses the Levenberg–Marquardt
algorithm.


We then assume that hetero-association of the alcohol
with the solvent mimics self-association in benzene, that
the effects of inter- and intramolecular hydrogen bonding
are similar, that is, that dSpy, the OH proton shift in the
pyridine complex, can be taken as dSS. The self-
association constant, K2, is then found by fitting the
experimental values of (dOH)


syn versus [S]o to the
Chen–Shirts equation [Equation (1)]. Results are listed
in Tables 2 and 3. The very small standard deviations on
dS and K2 indicate that the Chen–Shirts equation fits the
data very well with this approximation.


If self-association involved only a single hydrogen
bond, then the syn dimer could be assumed to contain one
hydrogen-bonded OH group, with shift dSS, and one free
OH group with the same shift, dS, as in the monomer,
which gives:


½SS� ¼ K3½S�2 and ½S�o ¼ ½S� þ 2K3½S�2


whence: ½S� ¼ ðB1=2 � 1Þ=4K3, where: B¼ 1þ 8K3½S�o.
This leads to Equation (4):


ðdOHÞsyn ¼ dS þ 0:5ðdSS � dSÞ ð1þ 8K3½S�oÞ1=2 � 1


ð1þ 8K3½S�oÞ1=2 þ 1


(4)


Solving this equation for dS and K3, using as dSS and
dSpy values determined for hetero-association, gives for
alcohol 2a the data listed in Supplementary Material
Table S4, corresponding to reaction enthalpy and entropy
of�11.6 kcalmol�1 and�34 calmol�1 K�1, respectively
(1 cal¼ 4.184 J). Both terms are unusually high for the
formation of a single O—H���N hydrogen bond. For 2a a
second approach to the determination of the association
constant, described below, makes it possible to eliminate
the eventuality of an open dimer.


The use of an extended Chen–Shirts equation with
terms for both open and cyclic dimers [Equation (5)] leads
to particularly ill-defined association constants, one of
which becomes negative at the highest temperatures


Scheme 1
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(Table S4). This is not, therefore, a convincing model.


ðdOHÞsyn ¼ dS þ 0:5ðdSS � dSÞ ð1þ 8K4½S�oÞ1=2 � 1


ð1þ 8K4½S�oÞ1=2 þ 1


þ ðdSS � dSÞ ð1þ 8K5½S�oÞ1=2 � 1


ð1þ 8K5½S�oÞ1=2 þ 1
(5)


The syn/anti ratio. In the case of the EDOT derivative,
2a, where the syn/anti ratio is not far from unity and
the rotation barrier sufficiently high, R can be measured
in benzene with an accuracy of 1–2% by integration
of the tert-butyl group signals. This is also concentra-
tion-dependent, increasing with the concentration
(Supplementary Material Tables S2 and S5). We have
then:


½S� ¼ K1½A�
and, assuming that SS is any sort of dimer:


½SS� ¼ ðK1Þ2K2½A�2


whence:½ROH�o¼½A�þK1½A�þ2ðK1Þ2K2½A�2. Putting R¼


ð½ROH�o � ½A�Þ=½A� and rearranging give Equation (6):


R2 þ Rð1� K1Þ ¼ K1 þ 2½ROH�oðK1Þ2K2 (6)


The values of K1 and K2 are obtained by solving the
quadratic equation for R and using the non-linear
least-squares procedure to fit the curve of R versus
[ROH]o. The similarity of the two sets of K2 values for 2a
(Table 3) indicates that our estimate, based on the
assumption that 2a forms a cyclic dimer in which the OH
shift is approximately the same as in the corresponding
association complex with pyridine, is satisfactory. The
greatest discrepancies occur at the highest temperatures,
where both methods are less reliable, the changes in both
R and (dOH)


syn being smaller than at low temperatures.
Mean K2 values for the whole temperature range are
2.46M�1 (based on the syn/anti ratio) and 2.32M�1


(based on (dOH)
syn), whereas for an open dimer it would


be 6.92M�1 (Table S4). This second approach involves
no prior assumption about the shift of the associated syn
form, nor about the structure of the dimer. However, it is
limited to situations where the signals of the syn and anti
rotamers are well separated, and the syn/anti ratio can be
measured accurately. For 1 only NMR titration could be
used.


Table 2. Hetero- and self-association constants for 2,2,4,4-tetramethyl-3-{2-[3,4-methylenedioxy-5-(3-pyridyl)]thienyl}pentan-3-ol,
1, in benzene


T/K dSpy
a/ppm Ka/M�1 dS


b/ppm K2
b/M�1 dA


c/ppm K6
c/M�1


298 6.548� 0.045 1.10� 0.03 1.969� 0.008 2.57� 0.05 3.010� 0.002 0.28� 0.01
303 6.508� 0.013 0.99� 0.01 1.963� 0.008 2.08� 0.03 3.012� 0.001 0.26� 0.01
308 6.480� 0.016 0.88� 0.01 1.958� 0.007 1.69� 0.03 3.016� 0.001 0.24� 0.01
313 6.468� 0.013 0.76� 0.01 1.958� 0.007 1.38� 0.03 3.020� 0.001 0.21� 0.01
318 6.375� 0.013 0.71� 0.01 1.958� 0.006 1.17� 0.02 3.023� 0.001 0.21� 0.01
323 6.323� 0.015 0.64� 0.01 1.960� 0.005 0.98� 0.02 3.025� 0.002 0.20� 0.02


aHetero-association with pyridine.
b Self-association, from concentration dependence of syn OH proton shift, taking dSpy as dSS.
c Self-association, from concentration dependence of anti OH proton shift.


Table 3. Hetero- and self-association constants for 2,2,4,4-tetramethyl-3-{2-[3,4-ethylenedioxy-5-(3-pyridyl)]thienyl}pentan-3-ol,
2a, in benzene


T/K dSpy
a/ppm Ka/M�1 dS


b/ppm K2
b/M�1 K1


c K2
c/M�1


298 6.518� 0.009 1.03� 0.01 2.008� 0.012 3.88� 0.11 1.064� 0.006 3.55� 0.20
303 6.477� 0.010 0.93� 0.01 2.007� 0.010 3.01� 0.08 1.061� 0.004 2.88� 0.14
308 6.445� 0.009 0.83� 0.01 2.009� 0.007 2.37� 0.06 1.052� 0.007 2.54� 0.21
313 6.400� 0.010 0.74� 0.01 2.013� 0.005 1.89� 0.04 1.037� 0.004 2.43� 0.12
318 6.296� 0.012 0.68� 0.01 2.016� 0.003 1.55� 0.02 1.043� 0.005 1.78� 0.15
323 6.296� 0.011 0.59� 0.01 2.019� 0.002 1.24� 0.02 1.042� 0.003 1.59� 0.08


aHetero-association with pyridine.
b Self-association, from concentration dependence of syn OH proton shift, taking dSpy as dSS.
c From concentration dependence of the syn/anti ratio (R).
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Neither the shifts nor the R values for 2,
2,4,4-tetramethyl-3-{2-[3,4-ethylenedioxy-5-(2-pyridyl)]-
thienyl}pentan-3-ol, 3, in benzene at 298K show
any great concentration dependence (Supplementary
Material Table S6). The very slight variation of the syn
OH shift corresponds to an association constant of
(1.7� 0.2)� 10�2M�1, the assumed dSS value being that
of dSpy determined by hetero-association with pyridine.


anti-2,2,4,4-Tetramethyl-3-{2-[3,4-methylene-
dioxy-5-(3-pyridyl)]thienyl}pentan-3-ol, 1. The OH
proton shift of the anti rotamer of the MDOT derivative,
1, is concentration-dependent in benzene (Table S2),
whereas that for the EDOT derivative, 2a (Table S3), is
constant. This suggests that the weakly intramolecularly
hydrogen-bonded OH hydrogen7 in 1 is able to
hydrogen-bond with the pyridine nitrogen of a second
molecule, but this can only be an open dimer with a single
hydrogen bond. In this case both homo- and hetero-
dimers are possible where, in the latter, an anti ‘head’ (the
OH group) is associated with a syn ‘tail’ (the pyridyl
group). To simplify the mathematics it is assumed that the
self-association of the syn form is unaffected, that is, that
the association of the syn rotamer with the anti rotamer
has an insignificant effect upon its concentration. The
treatment, detailed in the Supplementary Material,
assumes the same association constant, K6, for the
association of anti with anti or syn. Values of dA, the shift
of the free anti rotamer, and K6 are determined by
non-linear curve fitting, the chemical shift of the dimer
being attributed, for lack of a better estimate, the value of
dSpy used for the syn isomer (Table 2). At 298K K6 is
small (0.31M�1), about nine times lower than K2


(2.57M�1). Because of the difference in the temperature
dependence this ratio falls to about 5 at 323K but, since
the concentration of the anti rotamer is less than a tenth
that of syn, the concentration of associated species
involving the anti rotamer will never exceed 2% that of
the syn dimer. This justifies a posteriori the assumption
regarding the self-association of the syn isomer. The van’t
Hoff plot gives rough DH8 and DS8 values of
�2.7 kcalmol�1 and �11.6 calmol�1 K�1, respectively,
rather smaller than those found for the singly hydro-
gen-bonded species obtained by hetero-association of
encumbered alcohols with pyridine.16


Substituent effects on self-association. Steric
effects on self-association are generally small.16 In the
context of the present work it was of interest to examine
the effect of replacing the bulky tert-butyl groups in 2a by
isopropyl, ethyl, or methyl to give alcohols 2b–d
(R¼ i-Pr, Et, or Me). Hexadeuterioacetone was used in
preference to unlabeled acetone so as to reduce the extent
of hydrogen abstraction in the reaction with
3-pyridyl-EDOT-lithium and, thus, to improve the alcohol
yield. The labeled methyl group is slightly smaller than
the unlabeled one.17 These alcohols have low rotation


barriers for the —CR2OH group, and the syn and anti
isomers cannot be distinguished by 200MHz 1H NMR at
298K. A simpler form of the Chen–Shirts equation13 then
applies [Equation (7)]:


dOH ¼ dM þ ðdD � dMÞ ð1þ 8K2½ROH�oÞ1=2 � 1


ð1þ 8K2½ROH�oÞ1=2 þ 1
(7)


where dM and dD are the shifts of the non-associated and
associated forms of the alcohol, respectively. As
described above for dSpy in the case of 1 and 2a, the
chemical shift of the dimer dD was attributed the value of
dMpy obtained by NMR titration of the alcohol against
pyridine in benzene. Furthermore, in order to compare 2a
with alcohols 2b–d, the weighted average OH shift was
calculated from the shifts of the two rotamers and the syn/
anti ratio, and was used with [ROH]o in Equation (7). This
leads to association constants which are necessarily
smaller than those based on the syn isomer alone.
Incidentally, this treatment reduces the self-association
constant for alcohol 3 in benzene at 298K to zero
(Table 4).


The results (Table 4; full details in Supplementary
Material Table S7) show that the lowest hetero-association
constant is for the tert-butyl derivative, 2a, but that the
isopropyl derivative, 2b, is the least self-associated, there
being a slight increase for the ethyl and deuteriomethyl
compounds, 2c and 2d. The overall range is, however, very
small, being a factor of 2.9 (2d/2a) for hetero-association at
298K and a little higher, 3.8 (2d/2b) for self-association. A
greater difference might have been expected, since two
hydrogen bonds are involved in self-association and only
one in hetero-association.


There is a marked increase in the shift of the associated
form, dMpy, at 298K for 2c and 2d, 6.94 and 7.52 ppm,
respectively, whereas 2a and 2b are very similar at 6.40
and 6.50 ppm, respectively (Table 4). The shift of the
non-associated alcohols, on the other hand, falls in the
series 2a–d. Given that the value of 3.50 ppm for 2a is
the mean of the contributions of the syn and anti rotamers,
this variation implies that intramolecular hydrogen
bonding is less important for the alcohols with smaller
substituents. Qualitative comparison of the IR spectra in
carbon tetrachloride suggests an increase in the import-
ance of the syn isomer on going from 2a to 2c; the single
peak at 3600 cm�1 for 2d makes it impossible to
determine whether this trend continues for the smallest
substituent, but overall the NMR data in benzene and the
IR data in carbon tetrachloride are compatible.


Reaction enthalpies and entropies. In all cases, for
both hetero- and self-association, the free energy
difference, DG8 (¼ �RT �lnK), varies linearly with the
temperature. For self-association of the EDOT derivative,
2a, the reaction enthalpy, DH8, and the reaction entropy,
DS8, are �8.7 kcalmol�1 and �26 calmol�1 K�1,
respectively (Table 5). As expected, the enthalpy term
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is favorable, corresponding to the formation of two
hydrogen bonds, but this is to a large extent compensated
by the entropy term which reflects the difficulty of
bringing together two molecules into a single unit. For
comparison, corresponding DH8 and DS8 values for the
hetero-association of 2a with pyridine are very close to
half of those for self-association (see also Ref. 16). For
both the hetero- [Equation (3)] and self-association
[Equation (6)] of 2a, replacing the treatment of the syn
OH proton shift in terms of [S]o by that of the average OH
proton shift in terms of [ROH]o results in greater DH8 and
DS8 values which, nevertheless, still follow the same
ratio. Given that hetero- and self-association involve one
and two hydrogen bond(s), respectively, this appears to
show that enthalpy and even entropy terms are additive:
two A���D pairs contribute twice as much as one, and
cooperativity is negligible since the pairs are effectively
isolated by the intervening structure. However, further
inspection of the data suggests that this result may be
fortuitous.


Values of DH8 and DS8 for the MDOT derivative, 1, are
somewhat less than double the values for hetero-
association. For the hetero-association of 2b–d with
pyridine the reaction enthalpy varies from �4.2 to
�4.6 kcalmol�1, apparently increasing as the steric
demand of the substituent falls (Table 5). All these


values are surprisingly slightly smaller than for 2a when
calculated on the basis of [ROH]o rather than [S]o.
However, the ‘[ROH]o’ data for 2a are considerably less
reliable than the ‘[S]o’ set, and the exceptionally high DS8
value may be an artefact. Reaction enthalpies and
entropies for the less encumbered alcohols, 2b–d, are
much smaller than for 1 and 2a, increasing in absolute
magnitude as substituent size decreases, and bearing no
simple relationship to the hetero-association values. This
suggests that entropic factors, related to conformational
changes involved in self-association or solvation phenom-
ena, are very different in this set, and that they are
correlated with changes in the reaction enthalpy. For 1
and 2a–d, DH8 is a linear function of DS8 with an
isokinetic temperature of 292� 26K. Early IR spectro-
scopic work by Findlay and Kidman18 on the hetero-
association of the two propanols and two butanols with
pyridine in carbon tetrachloride shows comparable
variations in reaction enthalpy (�4.1 to �6.1 kcalmol�1)
1) and reaction entropy (�11.9 to �18.9 calmol�1 K�1)
and a similar DH8�DS8 correlation. The DH8 values and
the DH8–DS8 correlations showed the same scatter in the
IR and NMR spectroscopic data of simple alcohols cited
by Kluk et al. 19 It is, therefore, not clear whether such
compensation is significant at the molecular level or is the
result of statistical artefacts and/or experimental error.20


Table 4. Hetero- and self-association constants for {2-[3,4-alkylenedioxy-5-(X-pyridyl)]thienyl}alkanols, 1, 2a–d, and 3 in
benzene at 298K


Cpd. dMpy
a (ppm) Ka/M�1 dM


b/ppm K2
b/M�1


1 6.548� 0.045 1.10� 0.03 2.064� 0.007 2.14� 0.03
2a 6.402� 0.028 0.59� 0.01 3.498� 0.007 1.10� 0.01
2b 6.496� 0.021 0.83� 0.01 2.453� 0.002 0.76� 0.01
2c 6.943� 0.010 1.27� 0.01 2.082� 0.002 1.70� 0.01
2d 7.518� 0.025 1.72� 0.01 2.063� 0.009 2.90� 0.04
3 6.249� 0.080 0.46� 0.03 3.895� 0.002 �0.01� 0.01


aHetero-association with pyridine.
b Self-association, from concentration dependence of OH proton shift, taking dMpy as dD.


Table 5. Reaction enhalpies and entropies for hetero- and self-association of {2-[3,4-alkylenedioxy-5-(3-pyridyl)]thienyl}alkanols,
1 and 2a–d


Cpd.


Hetero-association Self-association


�DH8/kcalmol�1 �DS8/calmol�1 K�1 �DH8/kcalmol�1 �DS8/calmol�1 K�1


1a 4.18� 0.14 13.8� 0.5 7.37� 0.10 22.9� 0.3
1b 4.18� 0.14 13.8� 0.5 7.35� 0.10 23.2� 0.3
1c — — 2.69� 0.33 11.6� 1.1
2aa 4.22� 0.15 14.1� 0.5 8.66� 0.09 26.4� 0.3
2ab 5.02� 0.21 17.9� 0.7 10.42� 0.42 34.8� 1.3
2bb 4.21� 0.09 14.5� 0.3 5.30� 0.05 18.3� 0.2
2cb 4.30� 0.15 13.9� 0.5 6.11� 0.11 19.5� 0.3
2db 4.61� 0.07 14.4� 0.2 7.05� 0.11 21.6� 0.4


a In terms of [S]o.
b In terms of [ROH]o.
c Association of anti isomer.
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Quantum mechanical DFT/ONIOM calculations


Quantum mechanical calculations on large molecules can
be facilitated by treating different parts of the molecule at
different levels. In the present case, the entire molecule
was treated by DFT but a more extensive basic set was
used for the interacting COH and pyridine systems
than for the rest of the molecule (ONIOM).21 Preliminary
tests were successfully run on monomer species of
{2-[3,4-ethylenedioxy-5-(3-pyridyl)]thienyl}methanol,
3-py-EDOT-CH2OH, 2e, to check that this approximation
has no serious effects on the relative energies of the anti
and syn rotamers. Full ab initio calculations at the
B3LYP/6-311þG(d) level on 2e for the four conformers,
taking into account the orientations of both the pyridyl
ring and the CH2OH group, give values ranging over
0.3 kcalmol�1. The ONIOM values for 2e at the B3LYP/
6-311þG(d):B3LYP/3-21G level differ from the ab initio
values by no more than 0.2 kcalmol�1 (Supplementary
Material Table S8). For 2a, conformations with the
pyridyl ring in the anti orientation are favored by about
1 kcalmol�1, whereas the opposite is true for 2d (for
simplicity calculations were run with R¼CH3). For 2a
the anti-syn and anti-anti conformations differ by less
than 0.2 kcalmol�1, which is in good agreement with the
equilibrium constant of close to unity (K1 in Table 2)
found in a non-hydrogen-bonding solvent, such as
benzene or chloroform.


The dimers of 2a and 2d give, after correction for the
basis set superposition error,22 interaction energies of
�9.4 and�10.6 kcalmol�1, respectively (Supplementary
Material Table S9). The former is of the same order of
magnitude as the experimental reaction enthalpy,
�10.4 kcalmol�1. That the value for the dimethyl
compound, 2d, should be greater is intuitively appealing,
but unfortunately conflicts with the experimental data,
which appear to indicate that the small enhancement of
association in 2d as compared to 2a is due to a much more
favorable entropy factor. A possible explanation is that
the less encumbered monomer is more solvated, even in
benzene, and that dimer formation is accompanied by
release of solvent molecules, resulting in smaller reaction
enhalpy and entropy terms. Nevertheless, it is not clear
how 2b and 2c fit into this scheme, since the substituents
are bigger than in 2d but the reaction enhalpy and entropy
terms even smaller.


The geometry of the dimer of syn 2a, as determined by
ONIOM calculations (Supplementary Material Figure
S3), despite the difference in phase, is not very different
from that determined by X-ray crystallography. The
distance between the oxygen and nitrogen atoms is
2.82 Å, as against the measured 2.86 Å, and the pyridine
ring is at 108 to the thiophene ring, as against 208 in the
crystal. A more general comparison of selected internal
coordinates from the gas-phase calculations and the
solid-state X-ray data is given in the Supplementary
Material Table S1. Overall the root mean square


deviations in bond lengths, bond angles, and torsion
angles for this selection are 0.038 Å, 1.48, and 128,
respectively. The bond length deviation is to a large extent
due to overestimation of the C—S and C—O distances in
the calculations, no doubt due to the use of a small basis
set for the relevant parts of the molecule. Corresponding
rms values from a molecular mechanics calculation
(MMFF94 in Sybyl 7.0 from Tripos, St. Louis, MO,
USA)23 are 0.016 Å, 1.88, and 108, respectively, but the
N���O distance is seriously overestimated at 3.12 Å
(details not given). Interaction energies are similar to
those found by the ONIOM approach: 10.5 and
11.4 kcalmol�1 for 2a and 2d, respectively.


CONCLUSION


In the solid state 2,2,4,4-tetramethyl-3-{2-[3,4-alkyl-
enedioxy-5-(3-pyridyl)]thienyl}pentan-3-ols, 1 and 2a,
occur as the syn rotamer and are predominantly or
completely associated, as demonstrated by IR spec-
troscopy and a single-crystal X-ray diffraction study of
2a. In solution anti and syn rotamers are in equilibrium,
and in benzene the syn rotamers self-associate with
relatively small equilibrium constants for the formation of
cyclic dimers. The concentration dependence of the syn/
anti ratio in the case of the EDOT derivative confirms this
model. For these alcohols the rotation barrier about the
C—C(t-Bu)2OH bond is so low that the syn!anti
conversion accompanying dissolution is imperceptible.
We shall report in a subsequent paper on slightly more
sterically hindered analogs, where the rate of this
conversion can be measured directly.


In one isolated case, 2a, the reaction enthalpy and
entropy for self-association (involving two hydrogen
bonds) are close to twice the values for hetero-association
(involving only one hydrogen bond) of the same alcohol
with pyridine, but such a simple relationship does not
exist for the other alcohols, possibly due to solvation
effects. In a series comprising tert-butyl, isopropyl, ethyl,
and deuteriomethyl substituents, 2a–2d, self-association
constants vary slightly more than hetero-association
constants, but the total range is very small in both cases.
There is nothing which can be attributed to a cooperative
effect.


EXPERIMENTAL


Routine 1H and 13C NMR spectra of all new compounds
were determined in chloroform-d at 298K on a Bruker
AC 200 spectrometer with a spectral resolution of 0.001
ppm/point. Chemical shifts (in ppm) are referenced to
TMS at 0.000 ppm (1H) or to solvent peak at 77.0 ppm
(13C). Wherever the NMR data are not fully assigned, this
is because signals overlap. The pyridine 1H NMR signals
were assigned and coupling constants (J in Hz, not


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 410–421


DOI: 10.1002/poc


418 J. S. LOMAS ET AL.







signed) determined by spectrum simulation using gNMR
(version 4.1, Adept Scientific, Letchworth, UK). Most
1H NMR shifts in alcohols, particularly those of the OH
protons, are concentration-dependent. The corresponding
13C signals were assigned by XHCORR experiments;
Cq’s were identified by comparison with spectra of
3,4-alkylenedioxythiophenes,7 pyridylthiophenes,24 and
2,2,4,4-tetramethyl-3-(3,4-alkylenedioxythienyl)pentan-
3-ols,7 it being assumed that substituent effects are
additive. IR transmission spectra were recorded on a
Nicolet Magna 860 FTIR spectrometer with 4 cm�1


resolution (Table 1). Drops of saturated solutions of
alcohols 1, 2a, and 3 in dichloromethane were allowed to
evaporate on KBr plates and the spectra recorded at
298K. Solutions of 1 and 2a–d in carbon tetrachloride
were examined in 1mm glass cells. Details on how the 2D
NOESY NMR spectra were recorded and the association
constants measured are given in the Supplementary
Material.


Synthesis of pyridylthiophenes, 4–6


2-(Tri-n-butylstannyl)thiophenes were prepared by reac-
tion of tri-n-butyltin chloride with the organolithium
reagent prepared by reaction of the parent thiophene with
n-butyl-lithium/TMEDA in diethyl ether under argon at
room temperature, followed by aqueous work-up.
Treatment of the appropriate 2-(tri-n-butylstannyl)
thiophene with 2- or 3-bromopyridine in DMF at 115–
1258C under argon for 2–5 h in the presence of
bis(triphenylphosphine)palladium(II) chloride gave 2-
or 3-pyridylthiophene.11 The crude product was first
extracted into 1N aqueous HCl, the aqueous layer rinsed
with diethyl ether to remove neutrals, and the bases
regenerated by treatment with 1N NaOH, followed by
diethyl ether extraction. The residue after solvent
evaporation was purified by chromatography on alumina
in light petroleum-diethyl ether mixtures.


2-(3-Pyridyl)-3,4-methylenedioxythiophene, 4.
Yield 45%; mp 119 8C (Found: C, 58.5; H,
3.4. C10H7NO2S requires C, 58.52; H, 3.44%). dC 91.5
(C5-th), 106.8 (C2-th), 109.4 (CH2), 123.6 (C5-py), 128.3
(C3-py), 132.1 (C4-py), 145.5 (C3-th), 146.0 (C2-py),
147.3 (C6-py), and 148.3 (C4-th); dH 6.07 (s, H5-th), 6.32
(s, CH2), 7.27 (H5-py, J 0.9, 4.8, 8.0), 7.80 (H4-py, J 1.6,
2.4, 8.0), 8.45 (H6-py, J 0.3, 4.8), and 8.82 (H2-py, J 0.3,
0.9, 2.4).


2-(3-Pyridyl)-3,4-ethylenedioxythiophene, 5. Yield
61%; mp 63 8C (Found: C, 60.3; H, 4.2. C11H9NO2S
requires C, 60.26; H, 4.14%). dC 64.0 (CH2), 64.4 (CH2),
98.5 (C5-th), 113.1 (C2-th), 123.0 (C5-py), 129.1
(C3-py), 132.3 (C4-py), 138.9 (C3-th), 141.9 (C4-th),
146.4 (C2-py), and 146.8 (C6-py); dH 4.25 (CH2, J 2.2,
6.2, 13.2), 4.32 (CH2, J 2.2, 6.2, 13.2), 6.36 (s, H5-th),


7.26 (H5-py, J 0.9, 4.8, 8.1), 7.97 (H4-py, J 1.6, 2.4, 8.1),
8.43 (H6-py, J 0.3, 1.6, 4.8), and 8.94 (H2-py, J 0.3, 0.9,
2.4).


2-(2-Pyridyl)-3,4-ethylenedioxythiophene, 6. Yield
25%; mp 79 8C (Found: C, 60.0; H, 4.1. C11H9NO2S
requires C, 60.26; H, 4.14%). dC 64.3 (CH2), 64.9 (CH2),
101.2 (C5-th), 118.6 (C2-th), 120.2 (C3-py), 120.9
(C5-py), 136.3 (C4-py), 139.9 (C3-th), 142.0 (C4-th),
149.1 (C6-py), and 151.5 (C2-py); dH 4.24 (CH2, J 2.2,
6.1, 11.6), 4.35 (CH2, J 2.2, 6.1, 11.6), 6.42 (s, H5-th),
7.05 (H5-py, J 1.1, 4.9, 7.5), 7.64 (H4-py, J 1.9, 7.5, 8.1),
7.92 (H3-py, J 1.0, 1.1, 8.1), and 8.51 (H6-py, J 1.0, 1.9,
4.9).


Synthesis of 2,2,4,4-tetramethyl-3-{2-[5-(X-
pyridyl)]thienyl}pentan-3-ols


To a mixture of the appropriate 2- or 3-pyridylthiophene
(xmmol, x generally 2–5) and TMEDA (xmmol) in
diethyl ether (10–15ml) under argon at room temperature
was added a solution of n-butyl-lithium in hexane (1.6M,
xmmol). After 30min stirring, 2,2,4,4-tetramethylpen-
tan-3-one (xmmol) was added. The mixture was
stirred for a further 30min, then quenched with
water, and the organic materials extracted with diethyl
ether. Washing with water, drying and evaporation of
solvent gave a residue from which the alcohol was
isolated by chromatography on alumina or by trituration
in light petroleum-diethyl ether mixtures. Less encum-
bered alcohols, 2b–d, were synthesized by the same
procedure except that n-BuLi and ketone were added
successively at �75 8C, after which the reaction mixture
was allowed to warm slowly to room temperature before
work-up.


2,2,4,4-Tetramethyl-3-{2-[3,4-methylenediox-
y-5-(3-pyridyl)]thienyl}pentan-3-ol, 1. Yield 25%;
mp 178 8C (dec.). (Found: C, 65.9; H, 7.3; N,
3.9. C19H25NO3S requires C, 65.68; H, 7.25; N,
4.03%). syn: dC 28.9 (CH3), 42.7 (Cq), 85.0 (COH),
104.5 (C5-th), 107.3 (CH2), 121.3 (C2-th), 123.4 (C5-py),
128.5 (C3-py), 131.7 (C4-py), 140.3 (C3-th), 144.2
(C4-th), 146.1 (C2-py), and 146.8 (C6-py); dH 1.17 (s,
6 CH3), 2.71 (s, OH), 6.20 (s, CH2), 7.23 (H5, J 0.8, 4.9,
8.0), 7.79 (H4, J 1.7, 2.4, 8.0), 8.38 (H6, J 0.7, 1.7, 4.9),
and 8.82 (H2, J 0.7, 0.8, 2.4).


2,2,4,4-Tetramethyl-3-{2-[3,4-ethylenedioxy-5-(3-
pyridyl)]thienyl}pentan-3-ol, 2a. Yield 42%; mp
176 8C (dec.). (Found: C, 66.4; H, 7.6; N,
3.9. C20H27NO3S requires C, 66.45; H, 7.53; N, 3.87).
anti: dC 29.1 (CH3), 42.9 (Cq), 63.6 (CH2), 64.6 (CH2),
87.0 (COH), 110.0 or 110.2 (C5-th), 121.5 (C2-th), 123.3
(C5-py), 129.0 or 129.7 (C3-py), 132.5 (C4-py), 137.3
(C4-th), 139.0 (C3-th), 146.9 (C2-py), and 147.1 (C6-py);
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dH 1.18 (s, 6 CH3), 4.30 (m, 2 CH2), 4.76 (s, OH), 7.25
(H5, J 0.9, 4.8, 8.1), 7.95 (H4, J 1.6, 2.4, 8.1), 8.41 (H6, J
0.2, 1.6, 4.8), and 8.95 (H2, J 0.2, 0.9, 2.4). syn: dC 29.1
(CH3), 42.6 (Cq), 64.2 (CH2), 64.3 (CH2), 86.0 (COH),
110.0 or 110.2 (C5-th), 123.2 (C5-py), 128.2 (C2-th),
129.0 or 129.7 (C3-py), 132.4 (C4-py), 135.1 (C4-th),
138.7 (C3-th), 146.6 (C6-py), and 146.9 (C2-py); dH 1.17
(s, 6 CH3), 2.50 (s, OH), 4.23 (m, 2 CH2), 7.22 (H5, J 0.9,
4.8, 8.1), 7.97 (H4, J 1.6, 2.4, 8.1), 8.37 (H6, J 0.2, 1.6,
4.8), and 8.97 (H2, J 0.2, 0.9, 2.4).


2,4-Dimethyl-3-{2-[3,4-ethylenedioxy-5-(3-pyrid-
yl)]thienyl}pentan-3-ol, 2b. Yield 41%; mp 170 8C.
(Found: C, 65.1; H, 7.0; N, 4.1. C18H23NO3S requires C,
64.84; H, 6.95; N, 4.20%). dC 16.6 (CH3), 17.8 (CH3),
34.5 (CH), 64.2 (CH2), 64.5 (CH2), 82.3 (COH), 110.6
(C5-th), 121.8 (C2-th), 123.3 (C5-py), 129.5 (C3-py),
132.4 (C4-py), 136.8 (C3-th), 138.6 (C4-th), and 146.8
(C2-py and C6-py); dH 0.92 (2 CH3, J 6.8), 0.96 (2 CH3, J
6.8), 2.36 (2 CH, J 6.8), 2.75 (br s, OH), 4.21 (CH2, J 2.2,
6.1, 11.3), 4.30 (CH2, J 2.2, 6.1, 11.3), 7.23 (H5, J 0.9,
4.8, 8.0), 7.95 (H4, J 1.6, 2.4, 8.0), 8.38 (H6, J 1.6, 4.8),
and 8.94 (H2, J 0.9, 2.4).


3-{2-[3,4-Ethylenedioxy-5-(3-pyridyl)]thienyl}pe-
ntan-3-ol, 2c. Yield 9%; mp 141 8C. (Found: C, 63.0;
H, 6.5; N, 4.6. C16H19NO3S requires C, 62.93; H, 6.27; N,
4.59%). dC 8.0 (CH3), 33.6 (CH2), 64.3 (CH2), 64.6
(CH2), 77.2 (COH), 110.1 (C5-th), 123.3 (C5-py), 123.7
(C2-th), 129.6 (C3-py), 132.4 (C4-py), 136.1 (C3-th),
139.0 (C4-th), and 146.7 (C2-py and C6-py); dH 0.92
(2 CH3, J 7.4), 1.83 (2 CH, J 7.4, 13.9), 1.97 (2 CH, J 7.4,
13.9), 2.87 (br s, OH), 4.23 (CH2, J 2.2, 6.1, 10.9), 4.30
(CH2, J 2.2, 6.1, 10.9), 7.23 (H5, J 0.9, 4.8, 8.0), 7.95 (H4,
J 1.6, 2.4, 8.0), 8.38 (H6, J 1.6, 4.8), and 8.93 (H2, J 0.9,
2.4).


2-{2-[3,4-Ethylenedioxy-5-(3-pyridyl)]thienyl}pro-
pan-2-ol-d6, 2d. Yield 20%; mp 148 8C. (Found: C,
59.2; N, 4.9; S, 11.5. C14H9D6NO3S requires C, 59.34; N,
4.94; S, 11.31%). dC 64.4 (CH2), 64.6 (CH2), 70.9 (COH),
109.6 (C5-th), 123.3 (C5-py), 125.5 (C2-th), 129.5
(C3-py), 132.6 (C4-py), 136.4 (C3-th), 139.2 (C4-th),
and 146.9 (C2-py and C6-py); dH 2.80 (br s OH), 4.28
(CH2, J 2.2, 6.1, 11.5), 4.31 (CH2, J 2.2, 6.1, 11.5), 7.24
(H5, J 0.9, 4.8, 8.1), 7.94 (H4, J 1.6, 2.4, 8.1), 8.40 (H6, J
1.6, 4.8), and 8.921 (H2, J 0.9, 2.4).


2,2,4,4-Tetramethyl-3-{2-[3,4-ethylenedioxy-5-(2-
pyridyl)]thienyl}pentan-3-ol, 3. Yield 42%; mp
138 8C (dec.). (Found: C, 66.3; H, 7.6; N,
3.8. C20H27NO3S requires C, 66.45; H, 7.53; N, 3.87%).
anti: dC 29.2 (CH3), 42.9 (Cq), 64.4 (CH2), 64.5 (CH2), 87.2
(COH), 120.6 (C3-py), 120.8 (C5-py), 136.3 (C4-py), and


149.2 (C6-py); syn: dC 29.1 (CH3), 42.5 (Cq), 63.6 (CH2),
64.4 (CH2), 86.0 (COH), 120.4 (C3-py), 120.4 (C5-py),
136.2 (C4-py), and 149.2 (C6-py). Cq’s at 114.9, 115.2,
124.1, 130.8, 134.9, 138.1, 138.8, 139.4, 151.4, and 152.0
not assigned; anti and syn: dH 1.17 (syn), 1.19 (anti) (s,
6 CH3), 2.25 (s, 0.4H, syn-OH), 4.2–4.4 (m, CH2), 4.79 (s,
0.6H, anti-OH), 7.01–7.08 (m, H5), 7.60–7.68 (m, H4),
7.87–7.94 (m, H3), and 8.49–8.53 (m, H6).


X-Ray crystallography: syn-2,2,4,4-
Tetramethyl-3-{2-[3,4-ethylenedioxy-
5-(3-pyridyl)]thienyl}pentan-
3-ol, 2a, C20H27NO3S


Crystal data. M¼ 361.51. Triclinic a¼ 8.074(1) Å,
b¼ 8.694(1) Å, c¼ 13.748(2) Å. a¼ 80.73(1), b¼
87.50(1), g ¼ 79.34(1), V¼ 935.9(2) Å3 (refined from
75 reflections, 4< u< 248), space group P-1, Z¼ 2,
Dx¼ 1.28gcm�3. Colorless prismatic crystals, m(MoKa)¼
0.191mm�1.


Data collection and processing. At 295K, Enraf-
Nonius Kappa CCD diffractometer, v mode, graphite-
monochromated MoKa radiation (l¼ 0.71073 Å). 7706
reflections measured (2.4� u� 27.58), 4089 unique,
giving 2614 with I> 3s(I).


Structure analysis and refinement. Full-matrix
least-squares refinement with all non-hydrogen atoms
anisotropic; hydrogen H11 located from Fourier differ-
ence map and not refined; all other hydrogens placed in
geometrically calculated positions; only one overall
isotropic thermal parameter refined (227 refinable
parameters). Absorption corrections were determined
using DIFABS.25 Final R and Rw (Chebyshev series)
values are 0.056 and 0.64. Programs used were the PC
version of CRYSTALS26 for refinements and
CAMERON27 for views. Selected bond lengths, bond
angles, and torsion angles are listed in Supplementary
Material Table S1.


Atomic coordinates, bond lengths and angles, and
thermal parameters have been deposited at the Cambridge
Crystallographic Data Centre (CCDC 289515). Any
request to the CCDC for this material should quote the
full literature citation and the reference number.


Quantum mechanical DFT/ONIOM calculations


Details of this approach along with data (Tables S1, S8,
and S9), structure diagrams for the dimers of 2a and 2e
(Figure S3), and full references are given in the
Supplementary Material.
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19. Kluk H, Skawińska G, Kluk E. Acta Phys. Pol. A 1976; 50:


647–659.
20. (a) Exner O. Prog. Phys. Org. Chem. 1973; 10: 411–482; (b) Ford


DM. J. Am. Chem. Soc. 2005; 127: 16167–16170.
21. (a) Dapprich S, Komaromi I, Byun KS, Morokuma K, Frisch MJ.


J. Mol. Struct. Theochem. 1999; 461-462: 1–21; (b) Vreven T,
Morokuma K, Farkas O, Schlegel HB, Frisch MJ. J. Comput.
Chem. 2003; 24: 760–769; (c) Vreven T, Morokuma K. J. Comput.
Chem. 2000; 21: 1419–1432; (d) Vreven T, Frisch MJ, Kudin KN,
Schlegel HB, Morokuma K. Mol. Phys. 2006; 104: 701–714; (e)
Vreven T, Byun KS, Komaromi I, Dapprich S, Montgomery JA,
Morokuma K, Frisch MJ. J. Chem. Theory Comput. 2006; 2:
815–826.


22. Boys SF, Bernardi F. Mol. Phys. 1970; 19: 553–566.
23. (a) Halgren TA. J. Comput. Chem. 1996; 17: 490–519, 520–552,


553–586, 616–641; (b) Halgren TA, Nachbar RB. J. Comput.
Chem. 1996; 17: 587–615; (c) Halgren TA. J. Comput. Chem.
1999; 20: 720–729, 730–748.


24. Jones RA, Civcir PU. Tetrahedron 1997; 53: 11529–11540.
25. Walker N, Stuart D. Acta Crystallogr., Sect. A 1983; 39: 158–166.
26. Watkin DJ, Prout CK, Carruthers JR, Bettridge PW, Cooper RI.


CRYSTALS Issue 11, 2001; Chemical Crystallography Laboratory,
Oxford, UK.


27. Watkin DJ, Prout CK, Carruthers JR, Pearce LJ.CAMERON, 1996;
Chemical Crystallography Laboratory, Oxford, UK.


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 410–421


DOI: 10.1002/poc


SELF-ASSOCIATION IN (3-PYRIDYL)THIENYLALKANOLS 421








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 130–137
Published online 5 February 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1135

Theoretical studies of the structures and optical
properties of the bifluorene and its derivatives

Ji-Fen Wang1* and Ji-Kang Feng2,3


1Department of Environmental Engineering, Shanghai Second Polytechnic University, Shanghai 201209, China
2State Key Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry,
Jilin University, Changchun 130023, China
3College of Chemistry, Jilin University, Changchun 130023, China


Received 17 August 2006; revised 7 October 2006; accepted 29 October 2006

*Correspondence
eering, Shanghai
China.
E-mail: jfwang@


Copyright # 200

ABSTRACT: The ground and excited structures of the molecules are compared basis on the calculated by HF and CIS,
respectively. The ionization potentials (IPs), electron affinities (EAs) and HOMO–LUMO gaps (DEHOMO–LUMO) of
the oligomers are studied by the density functional theory (DFT) with B3LYP functional while the vertical excitation
energies (Egs) and the maximal absorption wavelength labs of oligomers of bifluorene and its derivatives DFE, DFA,
DFBT, FDBO, and FSCHD are studied employing the time dependent density functional theory (TD-DFT) and
ZINDO. Compared with BF, the derivatives DFE, DFA, and DFBTare better conjugated, easier to give an electron or a
hole, as well as get an electron or a hole. Their HOMO–LUMO gaps are narrower and they have lower vertical
excitation energies. The absorption and emission spectra of them are red shifting. However, FDBO and FSCHD are in
the other way round. It is important that FDBO and FSCHD are good blue emitters. Copyright# 2007 John Wiley &
Sons, Ltd.

KEYWORDS: bifluorene; structure; optical properties

INTRODUCTION


Much effort has been undertaken recently to develop
flexible and tunable light-emitting diodes from con-
jugated polymers and oligomers.1–8 Organic polymers
like oligomeric fluorenes, polyfluorenes, polythiophene,
and poly(p-phenylene)vinylene pointed out to build
new generations of electronic and photonic devices.
Indeed, fluorenes and oligofluorenes are well known as
highly fluorescent compounds.9–11 Fluorene-based oli-
gomers and polymers have been intensively studied not
only because they are blue-light-emitting materials, but
also because they exhibit good thermal stability, high
solubility and efficient fluorescence quantum yields in
dilute solution as well as in the solid state. Extensive
reviews of p-conjugated systems, including oligo- and
polyfluorenes, have been published recently and provide
comprehensive data concerning synthesis, characteriz-
ation by a number of physical techniques, and appli-
cations.12–14 It is known that control of the band gap (Eg)
of organic materials is fundamental for building devices
and furthermore reducing its value is desired to enhance
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the intrinsic charge carriers population and also to get a
stabilization in both oxidized and reduced doped
states. The oligofluorenes are generally regarded as the
most promising candidates for blue OLEDs since they
are processable materials and their properties can be
easily chemically tailored.15 In this paper we report
absorption and fluorescence spectra of bifuorene and its
derivatives, seen in Fig. 1, as well as the correlation
properties. The calculated values are compared with the
attainable experimental data to test the theoretical
methods. We discuss relation between the properties
and the characteristic of the derivatives in succession.

CALCULATION DETAILS


The ground-state geometries of oligomers were fully
optimized using the density functional theory (DFT),
B3LYP/6-31G and HF/6-31G, as implemented in
Gaussian 03. ZINDO and TD-DFT/B3LYP calculations
of the vertical excitation energies and the maximal
absorption wavelengths (labs) were then performed at the
optimized geometries of the ground states. All of IPs and
EAs involved in this paper are the dispersion energies
between the ions and molecules. The excited geometries
were optimized by ab initio CIS/6-31G and the emission
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Figure 1. The sketch map of the structures of the bifluorenes
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spectra were computed based on the excited geometries.
All of IPs and EAs involved in this paper are the
difference energies between the ions and molecules.

RESULTS AND DISCUSSION


Ground-state and excited-state geometry


In the Fig. 2 we can see the excited structures by CIS/
6-31G and ground structures of these bifluorenes by HF/
6-31G, except FDBO and FSCHD by 3–21 g functions, in
view of the valid comparison. It is seen that all single
bonds in BF, that is the bridge bond between two fluorene
rings and three single bonds in each fluorene ring, are
shorten in the excited structure than that in ground
structure; While their neighbors, except R(A–A0) and
R(B–B0), are longer by some degree without broken the
C2h symmetry.


The middle bond R(1,10) of DFE is shortened in the
excited state compared with the ground state. The single
bond R(1,5), R(8,8) and the bond R(30,40), R(30,80),
R(60,70), R(50,60), R(40,50) are shorter after excited, while
R(2,3), R(2,30), R(4,5), R(5,6), R(7,8), R(3,8) are longer.


The single bond on DFA, R(4,8) elongates its length
after excited by about 0.005 nm. R(11,110), R(13,12),
R(13,120), single bonds in fluorene rings, are longer in the
excited structure than in ground. To the other round, the
bonds R(10,1), R(30,3), R(50,5), R(70,7), R(2,3), R(5,6) in
the anthracene and R(9,10), R(10,11), R(11,12), R(12,
14), R(100,110), R(90,100), R(80,90), R(80,140), R(120,140),
R(110,120) in the fluorene rings are shorten by excited in
some degree, while R(6,7), R(4,5), R(3,4), R(1,2) of
anthracene ring and R(8,9), R(8,14) of the fluorene ring

Copyright # 2007 John Wiley & Sons, Ltd.

are longer. Also the excited structure has the same
symmetry, C2v, to the ground structure.


It is shown that the comparisons of the excited and
ground structure of DFBT. The single bonds R(1,10) and
R(3,30) are shortened during the exciting, as well as the
bonds R(1,2), R(2,3), R(4,5), and R(70,8), R(8,9), R(9,10),
R(10,11), R(70,80), R(70,120), R(110,120), R(100,110), R(90,
100). R(3,4), R(1,5) of the thiophene rings and R(6,8),
R(6,80), R(9,90), R(30,7), R(30,11) are longer in excited
structure, compared with the ground structure.


From the comparison of excited and ground structure
of FDBO, it is shown that single bonds of the
five-membered ring and the seven-membered ring
decrease the length after excited and the single bond
R(7,70) shorten its length by 0.0046 nm. At the same time,
R(2,3), R(20,30), R(3,4), R(4,5), R(5,6), R(50,60), R(1,2),
R(1,20) and the bridge bond R(40,12) are shortened by a
degree, as well as all bonds of the seven-membered ring
except R(10,15). On the contrary, R(6,7), R(60,70), R(2,7),
R(20,70), R(30,40), R(4050) increase their length to some
extent. R(10,11), R(100110), R(120,130), R(110,120), R(13,
14), R(130,140) are shortened but others in the phenyl ring
which adjacent to the seven-membered ring are longer in
the excited state than in the ground state.


In the excited structure of FSCHD, the single bonds
R(1,2), R(1,20) and R(2,7), R(20,70), R(6,7), R(60,70),
R(40,50), R(30,40) increase the bonds length, as well as
R(12,13), R(11,12), R(14,15), R(10,15), R(100,150), R(8,
18), R(8,180) in the twisty part. However, R(7,70), R(15,
150), R(5,6), R(4,5), R(3,4), R(2,3), R(20,30), R(50,60),
R(40,12), R(13,14), R(10,11), R(100,110), R(110,120),
R(120,130), R(130,140) are decreased the bonds length
after excited and the bonds length of R(8,9) and R(8,90)
shorten by 0.0023 and 0.0028 nm, respectively. Most of
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Figure 2. The excited and ground structure
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the bonds of the saturated six-membered ring change
slightly except that R(8,18) and R(8,180) increase the
bonds length by 0.0032 nm after excited.


Compared with others, FDBO and FSCHD are
dramatically twisted in the ground structures and they
both tend to be plane in the excited structures, which also
take place in other bifluorenes. As to FDBO, the dihedral
angle F(2,7,70,20) is 0.1428 in ground state but 0.00918 in
the excited state, with the difference of 0.058. Moreover,
F(30,40,12,13) changed from 35.978 to 7.7728 during the
exciting, that is, the dihedral angle dwindled by 28.2028.
F(10,15,150,100) from 42.658 X-ray datum is 438 to
39.1488 dwindled by 3.58. For FSCHD, F(2,7,70,20) red-
uced from 0.1958 to 0.0128, F(30,40,12,13) from 34.8858
to 2.1638 F(10,15,150,100) from 38.6938 X-ray datum is
358 to 33.9618, respectively.

Characters of the frontier orbitals


It will be useful to examine the highest occupied orbitals
(HOMO) and the lowest unoccupied orbitals (LUMO) for
molecules to provide the framework for the excited state.
Furthermore, the relative ordering of the occupied and
virtual orbitals provides a reasonable qualitative indica-
tion of the excitation propertiers.16 The HOMOs and
LUMOs of the molecules and their energies are shown in
Fig. 3.


Usually, there are tense electronic clouds in the
bonding bonds, while the density of the electronic clouds
light in the antibonding bond. Therefore, when the
bonding ones turn into antibonding ones the bond length
will increase, vice versa. In Fig. 3, it is shown that
the HOMO and LUMO of BF are localized predomi-
nantly on the phenyl rings. The bonds R(1,2) and R(3,3)
are bonding in HOMO, while antibonding in LUMO.
Compared with Fig. 2, it is obvious that they are longer in
the excited structure than in the ground structure by
0.046� 10�10m and 0.050� 10�10m, respectively. The
electronic clouds of HOMO centralize on the benzene
rings and the triple bond in DFE, while the single bonds
have little. However, the tense electronic clouds in the
LUMO are the bridge bond between benzene rings and
the single bond between the triple bond and fluorene
rings. The HOMO and LUMO of DFA are focus on
the anthracene ring, on the contrary, the tense of the
electronic on the fluorine ring light. The bridge bonds
between the anthracene ring and fluorine rings have tense
electronic clouds at LUMO but light at HOMO. The elec-
tronic clouds of the frontier orbital of DFBT are mainly
located in the thiophene rings and their neighbor benzene
rings, while less located in the outboard benzene rings. At
sulfur atom, there is less on HOMO but more on LUMO.
For FDBO, the HOMO and LUMO are localized
predominantly on the phenyl rings. There is antibonding
between the bridge atoms and there is bonding between
the bridge carbon atom and its conjoint atoms in the

Copyright # 2007 John Wiley & Sons, Ltd.

same benzenes in the HOMO. On the contrary, there are
bonding in the bridge single bond and the antibonding
between the bridge atom and its neighbor in the same
phenyl ring in the LUMO. The electronic cloud
distributing in the frontier orbitals in benzene on the
left side of the seven-membered ring is distributed less
than that of other benzenes in FDBO. Furthermore, the
seven-membered ring is bonding relaxation compared
with the fluorene ring from the electronic cloud picture.
The electronic cloud of FSCHD is mostly located on the
benzenes but hardly on the saturated six-membered ring.
The single bonds between the benzenes in fluorene ring
and in the seven-membered ring are antibonding, as well
as the bridge bond of the fluorene ring and the distorted
part in HOMO, while bonding in LUMO. To DFE, DFA,
and DFBT, their framework atoms are mostly on the same
plane, so they have higher degree of conjugation,
compared with FDBO and FSCHD.

Ionization potentials and electron affinities


Additional information derived from our calculations
provides insight into the interrelationship of structure and
electronic behavior, in particular the response of the
molecule to the formation of a hole or the addition of an
electron. Table 1 contains the ionization potentials (IPs),
electron affinities (EAs), both vertical (v; at the geometry
of the neutral molecule) and adiabatic (a; optimized
structure for both the neutral and charged molecule), and
extraction potentials (HEP and EEP for the hole and
electron, respectively) that refer to the geometry of the
ions.17,18


It is easy to see that FDBO and FSCHD have higher
IP(v)s and IP(a)s than BF, while DFE, DFA, and DFBT
are lower than BF in IPs. The maximum data of HEP in
these molecules is the value of BF. Also FDBO and
FSCHD are slightly lower than BF by 0.01 and 0.02 eV.
So FDBO and FSCHD are easier to give out electron than
others in the table to do. FDBO and FSCHD have lower
EAs energy compared with DFE, DFA, and DFBT,
especially EA(v)s. BF has the lowest energy in EA(v) and
EEP. In other words, DFE, DFA, and DFBT are prone to
take in electron because of the high EAs. In all cases, the
energy cost to create a hole in these molecules is about
6.5 eV, that to extract an electron from an anion requires
�1.3 eV. The EAs calculated here, namely, binding
energy of the injected electron, cannot be simply obtained
by experiment. These calculations are also used to
estimate self-trapping energies of positive and negative
charges in the materials. Indeed, the traps that charac-
terize the electron transport in the material were identified
as the states in which the injected electron is self-trapped
in the individual molecules as a consequence of structural
relaxation. Besides the IPs and EAs, we also report the
data of the correct energy what in our scheme is the
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Figure 3. The HOMO and LUMO orbitals of the bifluorenes
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energy gain of the excess electron due to structural
relaxation, the difference EA(a)�EA(v) and IP(a)�IP(v),
as the ‘‘small-polaron’’ stabilization energy, SPE(e,h).
Our values of SPE(e) and SPE(h) are 0.05� 0.15 eV and
0.10� 0.20 eV, respectively. FSCHD has both the highest
SPE(e) and SPE(h) in the table, that is, its structure will
change more dramatically than others when it traps an
electron or a hole.

Copyright # 2007 John Wiley & Sons, Ltd.

Energy gaps and vertical excitation energies


We can get energy gap from calculating the gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). Here, the
HOMO–LUMO gaps are calculated by DFT, which
function is widely accepted.19,20 But it is difficult to obtain
the correct these data by experiment due to the
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Table 1. Ionization potentials, electron affinities, extraction potentials, and extraction potentials for bifluorenes (in eV)


eV IP (v) IP (a) HEP EA (v) EA (a) EEP SPE(h) SPE(e)


BF 6.64 6.51 6.51 �0.07 0.10 0.27 0.13 0.17
DFE 6.45 6.36 6.26 0.33 0.44 0.54 0.09 0.10
DFA 6.06 5.98 5.88 1.12 1.22 1.30 0.08 0.10
DFBT 6.02 5.90 5.78 0.91 1.02 1.14 0.12 0.12
FDBO 6.88 6.83 6.49 0.05 0.24 0.44 0.05 0.19
FSCHD 6.77 6.62 6.48 0.03 0.23 0.42 0.15 0.20


The suffixes (v) and (a), respectively, indicate vertical and adiabatic values.
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experimental condition limit, such as interchain inter-
actions, solvent effects, and other environmental effects.
The experiment energy gap is usually observed by two
methods, the maximal wavelength in the spectra and the
onset from CV–UV. They are valid when the lowest singlet
excited state can be described by only one singly excited
configuration in which an electron is promoted from
HOMO to LUMO and the experimental condition limit can
be neglected.21,22 The experimental data we quoted in the
table are obtained from the onset of CV–UV. Interestingly,
all molecules we studied here the maximal excitation is
from HOMO to LUMO. The theoretical quantity for direct
comparison with experimental energy gap should be the
transition (or excitation) energy from the ground state to the
first dipole-allowed excited state. In order to compare with
the experiment data we also calculate the lowest excitation
energies of the oligomers by Time-dependent DFT
(TD-DFT) and ZINDO. The excitation energies calculated
by TD-DFT with the current exchange-correlation func-
tions are not reliable when the calculated excitation
energies are higher than the negative of the HOMO
energies (�eHOMO).


23 In order to check the validity of the
excitation energies by TD-DFT, we display�eHOMO in the
table to convenient for comparisons.


In Table 2, it shows that in all cases the TD-DFT
excitation energies are below the negative of HOMO
energies and thus may be numerically reliable. The lowest
excitation energy values by both ZINDO and TD-DFTare

Table 2. HOMO–LUMO gaps (DEHOMO–LUMO) and the lowest ex
(�eHOMO) of the molecules


~ELUMO-HOMO eV


Eg/e


ZINDO


BF 4.21 3.79
DFE 3.74 3.40
DFA 2.72 2.94
DFBT 2.95 2.85
FDBO 4.31 4.20
FSCHD 4.29 3.80


a Solution in CH3Cl, seen in Ref. [30].
b Seen in Ref. [31].
c Seen in Ref. [32].
d Seen in Ref. [33].
e Solution in cyclohexane, seen in Ref. [26].
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better than the HOMO–LUMO gaps when the exper-
imental energy gap values are taken into consideration,
although they are all in good agreement with the
experimental data. For BF and DFE, the deviations are
about 0.1 eV by ZINDO and less than 0.05 eV by
TD-DFT. The FDBO and FSCHD have bigger deviations
between calculated and experimental data, 0.76 and
0.1 eV between ZINDO and experimental data, 0.52 and
0.22 eV between TD-DFT and experimental data. The
experimental data of FDBO and FSCHD are obtained by
their polymers. That is, the interchain interactions and
conjugation of neighbor units should responsible for the
error.24,25 Although, the orbital energy difference
between HOMO and LUMO is only an approximate
estimation to the transition energy since the transition
energy also contains significant contributions from some
two-electron integrals, it is desirable to obtain the useful
information in the nature of the lowest singlet excited
state when treating larger systems because of easi-
ness.26–29 TD-DFTwith the B3LYP functional is expected
to be a relatively reliable tool for evaluating the excitation
energies of low-lying excited states for small- and
medium-sized molecules. But unlike HOMO–LUMO
gap, TD-DFT is computationally expensive and difficult
to treat even larger systems. As the table shown, data even
by the reliable tool of calculation, TD-DFT, deviate from
the experimental ones. These may attribute to several
factors. First, the calculations have some approximate

citation energies (Eg) and the negative of HOMO energies


V


�eHOMO eV Expl. eVTD-DFT


3.87 5.38 3.56a, 3.86e


3.45 5.25 3.47b


2.50 4.95 —
2.70 4.94 3.46c


3.96 5.48 3.44d


3.92 5.53 3.70d
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corrections. Second, the predicted energy gaps are for
isolated gas-phase molecules, while experimental data are
measured in the condensed phase where environmental
effect may be significant. Third, the experimental data are
the average of multi-structures, while the calculated data
are of only one structure. Additionally, the methods of
calculation and experiment have fault in themselves. In
all cases, both the lowest excitation energies, by ZINDO
and TD-DFT, and the HOMO–LUMO gaps convey the
same information that DFE, DFA, and DFBT have more
narrow energy gaps than BF, while FDBO and FSCHD
have broader energy gaps.

Absorption spectra


The absorption spectrums of these molecules are
calculated on the basis of the optimized geometry. The
data of absorption wavelengths (labs) and oscillator
strengths ( f) by ZINDO and TD-DFT are shown in
Table 3. In order to compared with the experimental data,
it is listed the gainable observed values in the right tier.


As it is shown that their main electronic transitions
are the S0! S1, that is, the maximal absorption of these
molecules are mainly from HOMO to LUMO. Of the
importance, oscillator strengths in the maximal absorption
of these oligomers are strong enough. All the oscillator
strengths are more than 0.7. The calculated maximal
absorption wavelengths of DFE, DFA, and DFBT are

Table 3. Absorption wavelengths (labs in nm), oscillator streng
TD-DFT methods and solution in CHCl3


Electronic transitions ZINDO labs /nm ( f) TD-D


BF S0! S1 325.8 (1.40)
DFE S0! S1 365.7 (1.35)
DFA S0! S1 421.1 (1.07)
DFBT S0! S1 435.8 (1.87)
FDBO S0! S1 293.8 (0.79)
FSCHD S0! S1 326.0 (0.77)


a Solution in CH3Cl, seen in Ref. [30].
b Seen in Ref. [31].
c Seen in Ref. [32].
d Seen in Ref. [33].
e Solution in cyclohexane, seen in Ref. [26].


Table 4. Emission wavelengths (lemi in nm), oscillator strengths


ZINDO lemi /nm ( f) TD-DFT lemi/nm


BF 374.4 (1.23) 374.3 (1.63)
DFE 394.4 (1.46) 387.7 (2.07)
DFA 454.1 (1.17) 547.5 (0.97)
DFBT 481.9 (1.84) 496.3 (2.17)
FDBO 340.7 (1.59) 366.1 (1.54)
FSCHD 368.5 (1.56) 376.5 (1.58)


a Solution in CH3Cl, seen in Ref. [30].
b Solution in chloroform, seen in Ref. [31].
d Polymer, seen in Ref. [33].
e Solution in cyclohexane, seen in Ref. [26].
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longer than that of BF, while that of FDBO is shorter than
that of BF, both by ZINDO and TD-DFT. The maximal
absorption wavelength of FSCHD is close to that of BF by
ZINDO, which difference is only 0.2 nm, and shorter than
that of it by TD-DFT. The calculated wavelengths of
PCM(CHCl3), which in solution of CHCl3, are shorter than
those of TD-DFT. The experimental data in the table are
from different sources. The experimental data of a, b, and c
are observed by the same structures as the calculated
molecules. However, the experimental data of d are
observed by the polymers which unit structures are same to
the calculated ones. Therefore, the data from d have some
larger difference to the calculated data. Because of the
conjugation the bigger of the molecules are the longer
absorption wavelengths of the molecules. So the polymer
has longer absorption wavelength than the oligomer when
they have the same unit.

Emission spectra


On the basis of the option of CIS, ZINDO, and TD-DFT
are used to calculate the emission spectra of these
molecules. The maximal emission wavelengths (lemi) of
these molecules are listed in the Table 4, as well as the
oscillator strength ( f) and the gained experimental
emission wavelengths.


As the table shown, the emission properties are
correlative with their absorption properties. The maximal

ths ( f) and electronic transitions computed at the ZINDO,


FT labs /nm ( f) PCM (CHCl3) labs/nm ( f) Expl./nm


320.4 (1.65) 308.1 (1.36) 347a, 321e


358.9 (1.94) 399.6 (1.70) 349b


494.9 (0.93) 409.8 (1.16) —
460.0 (2.08) 381.5 (1.89) 350c


313.2 (1.28) 271.5 (1.05) 353d


315.8 (1.29) 267.4 (1.16) 328d


( f) computed at the ZINDO, TD-DFT methods


( f) PCM (CHCl3) lemi /nm ( f) Expl./nm


330.1 (1.45) 390a, 364e


430.3 (1.83) 375b


475.6 (1.17) —
435.7 (1.89) —
321.7 (1.37) 397d


332.4 (1.41) 368d
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emission wavelengths of DFE, DFA, DFBT are longer
than that of BF by both methods and the maximal
emission wavelengths of FDBO, FSCHD are shorter than
it by ZINDO. As far as to the TD-DFT is concerned, the
maximal emission wavelength of FDBO is shorter than
that of BF but that of FSCHD is slightly longer than that
of BF. Also the calculated data are in good agreement
with the experimental data. There are several reasons
caused the difference between the experimental data and
the calculated data. Besides the foregoing reasons, the
compounds are in their gaseity when calculated but in
liquid state or solid state when observed. The interaction
of the molecules cannot be ignored in the liquid or solid.
However, the theoretical methods can give experiments
the guidance in the right direction because they take the
necessary effects into account and this guidance is
importance to the experimentation.


CONCLUSIONS


The excited structures of BF and its derivatives have a
strong coplanar tendency than the ground structures. The
conjugation chains are broken at the twisted parts in
FDBO and FSCHD, while ethyne, anthracene and
thiophene enhance the conjugation of bifluorene. There-
fore, the twisted derivatives FDBO and FSCHD are easy
to add an electron and difficult to ionize, while DFE, DFA,
and DFBT are easy to ionize, compared with BF. To be
precise, it results in broader energy gap and shorter
maximal absorption and emission wavelengths in the
spectra of FDBO and FSCHD than BF, that is, they
are blue shifting. On the contrary, DFE, DFA, and DFBT
are red shifting to some extent.
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ABSTRACT: Kinetic and thermodynamic (formal potential) data relating to the synthetically useful Li/Liþ couple in
tetrahydrofuran (THF) solvent at a range of temperatures (196–295 K) are reported. Formal potentials, E0


f have been
measured versus the standard reference electrode, Fc 4 mMð Þ=FcþPF�


6 4 mMÞð Þ in THF. At 295 K the following data
have been obtained using a mathematical model to simulate the electro-deposition (metal deposition and growth
kinetics) processes of lithium (Li) on a platinum microelectrode; a E0


f of �3.48� 0.005 V, dE0
f =dT ¼�9.2


(�0.5)� 10�4 V K�1, the standard electrochemical rate constant, k0¼ 1 (� 0.1)� 10�4 cm s�1, transfer coefficient,
a¼ 0.57� 0.03 and diffusion coefficient, D¼ 8.7� 0.1� 10�6 cm2 s�1. Copyright # 2007 John Wiley & Sons, Ltd.

þ

KEYWORDS: Li/Li redox couple; tetrahydrofuran; formal potential; metal nucleation and growth kinetics; electro


deposition; electrochemical rate constant

INTRODUCTION


Lithium (Li) as a reducing agent in organic synthesis is
well known,1 and its applications diverse. For example, Li
metal has been used in the reductive opening of hetero-
cycles,2 reaction with benzil3 and vinylsilanes,4 reductive
coupling of carbonyl compounds5,6 and in the synthesis
and reduction of certain spiro-compounds.7 Recent
interest into alkali-metal/arene-based reductions in
aprotic media are also becoming popular.1,2,8–16 Further,
many cyclic voltammetry (CV) studies in aprotic solvents
have shown the tendency of organic radical anions, and
dianions, to undergo ion-pairing phenomena17–19 and
significant differences in the shifting of radical anion
reduction peaks have been observed in the CV responses
of quinones upon changing the cation of the supporting
electrolyte, namely R4Nþ ðR ¼ alkylÞ or Liþ.20–24 Li
ion-pairing effects on the electrochemical behaviour of
quinonemethides,25,26 which constitute key intermediates
in natural lignan biosynthesis (electrochemical biomi-
metic syntheses), have been reported.27 More recently,
the Liþ cation was highlighted has having an ‘overriding
importance’ for the ‘orientation’ of the oxidative coupling
of 4-hydroxycinnamate derivatives by intercalation.28
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From a technological view-point, the development of
Li ion batteries and industrial reactors29 with good
performance, safety, stability and reliability has also been
an active area of research for the past 3 decades.30–35


Many of the Li ion batteries employ an aprotic medium
containing a Li salt stemming from the early work by
Koch and co-workers.36–45 However, there is often
uncertainty as to the stability of the media to Li metal,
the kinetics and thermodynamics of the Li/Liþ couple, the
role of water and other impurities in the electrolyte and
the identity and role of surface films on the Li metal.46–51


Although many attempts have been made to use modern
electrochemical techniques to gain a more fundamental
knowledge of the Li/Liþ couple, the data are often
distorted particularly in resistive solvents,52 and hence,
our present knowledge of the Li/Liþ couple is rather less
than its practical applications.


In this paper we describe and present simulations of the
electro deposition of bulk Li on a platinum micro-
disc-surface from a solution containing Liþ salts enabling
both kinetic and thermodynamic (formal potential,E0


f ) for
the Li/Liþ couple in tetrahydrofuran (THF) to be deter-
mined. In addition, the Li/Liþ couple has been investi-
gated over a range of temperatures: 295–196 K.53–56 In
particular, E0


f was measured versus the standard reference
electrode, Fc=Fc


þ
PF�


6 in THF. Previous work has been
published by Fawcett co-workers,57 Wiesener et al.58 and
Pletcher and co-workers59–62 who used copper micro-
electrodes and based electrochemical measurements
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against the Li/Liþ couple only, and in ethereal solvents.
So far, however, no simulations or model has been
presented to describe the electro-deposition mechanism
displayed by Li/Liþ in aprotic solvents. The thermodyn-
amic reduction potential, E0


f of Li can be compared to that
of various organic compounds in a common solvent
system allowing a preliminary assessment of the reduc-
tion capabilities of the metal. Owing to the huge number
of applications of the Li/Liþ couple, from modern energy
advances to biomimetic syntheses, further insight into the
kinetics and thermodynamics is of importance and the
purpose underpinning this paper.

EXPERIMENTAL


Reagents


Lithium hexafluoroarsenate (LiAsF6) (V) (98%),
(Aldrich); tetra-n-butylammonium perchlorate, (Fluka),
were used as received without any further purification.
Anhydrous THF was purified by filtration through two
columns of activated alumina (grade DD-2) as supplied
by Alcoa, employing the method of Grubbs co-workers.63

Cyclic voltammetry (CV)


Voltammetric measurements were carried out on an
Autolab PGSTAT 20 (Eco-Chemie, Utrecht, Netherlands)
potentiostat. A three-electrode arrangement was used in
an airtight, three-necked electrochemical cell. The cell
with solid electrolyte was dried in vacuo overnight before
solvent addition and electrochemical experiments. The
working electrodes used were a platinum microdisc elec-
trode (ESA Biosciences, US, radius: 5.0mm), a platinum
macrodisc electrode housed in TeflonTM (area,A¼ 0.0104cm2)
and a large area, shiny platinum wire (Goodfellow
Cambridge Ltd, Cambridge, UK) was employed as the
counter electrode. The working electrodes were carefully
polished before use on a clean polishing pad (Kemet, UK)
using 3 and 1mm diamond spray (Kemet, UK). Each
working electrode was then rinsed in de-ionised and
doubly filtered water of resistivity no greater than
18 MV cm, taken from an Elgastat filter system (Vivendi,
Bucks, UK) and carefully dried prior to use. A Fc/FcþPF�


6


(both in equimolar concentration; 4 mM) reference
electrode was developed for use in THF and at low
temperatures and has been described previously.64 The
temperature was monitored and controlled by an external
system (Julabo FT902, JULABO Labortechnik GmbH,
D-77960 Seelbach/Germany) accurately (�1 K). Typi-
cally the solutions were degassed vigorously for 5 min
using impurity-free argon (BOC gases, Guildford, Surrey,
UK) to remove any trace oxygen and an inert atmosphere
was maintained throughout all analyses. All solutions
were prepared under an atmosphere of argon using

Copyright # 2007 John Wiley & Sons, Ltd.

oven-dried glassware such as syringes and needles used
for the transfer of moisture sensitive reagents. All
voltammetric measurements were performed inside a
Faraday cage in order to minimise any background noise.

THEORY


Mathematical model


We consider the deposition and stripping of Li under CV
conditions from a microdisc electrode of radius, rd. It
is assumed that the rate of dissolution of Li from
the surface is independent of the amount present on the
surface whereas the rate of deposition is dependent on the
solution concentration. The electrode reaction of interest
is assumed to follow a one-electron transfer mechanism
and display Butler–Volmer kinetics:65,66


LiþðsolÞ þ e� Ð
kf


kb
LiðsÞ (1)


where the Liþ ions are in solution and Li is a solid on the
electrode surface. The local position dependent coverage
of Li on the microdisc, GLi, is initially zero across
the whole disc. The height of any deposit formed will
be ignored and as such the microdisc will always be
approximately modelled as a flat disc.67 kf and kb are the
forward and backward rate constants defined by:


kf ¼ k0 exp
�aF


RT
ðE � E0


f Þ
� �


; (2)


kb ¼ k0 Liþ½ �0exp
ð1 � aÞF


RT
ðE � E0


f Þ
� �


(3)


where k0 is the surface process rate constant for the Liþ/Li
couple with units of cm s�1, a is the transfer coefficient
and E0


f is the formal potential. [Liþ]0 is the standard
concentration equal to 1� 10�3 mol cm�3 and is included
to reflect the different standard states of Li and Liþ. R is
the ideal gas constant (8.314 J K�1 mol�1), F is Faraday’s
constant (96 485 C mol�1) and T is the absolute tempera-
ture in K.


The mass transport in solution of Liþ to and from the
electrode surface is given by the following partial
differential equation (Fick’s first law):66


@½Liþ�
@t


¼ D
@2½Liþ�
@r2


þ 1


r


@½Liþ�
@r


þ @2½Liþ�
@z2


� �
(4)


using the cylindrical coordinate system shown in Fig. 1
and where D is the diffusion coefficient of Liþ. Due to the
cylindrical symmetry only the plane highlighted needs to
be simulated. The change in the local position dependent
surface coverage, GLi, with time is described by the
following equation:


@GLi


@t
¼ kf ½Liþ�surf � kb (5)
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Figure 1. The coordinate system of the microdisc used in
mathematical model. The plane to be simulated highlighted


Figure 2. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm), 295K and with tetra-n-butylammonium
perchlorate (TBAP, 0.1M) as the supporting electrolyte. Scan
rate: 10mV s�1; start scan: 0 V, first reverse: �4V versus
Fc=FcþPF�6
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The value of G is not permitted to go below zero and so
kb is set equal to zero once GLi ¼ 0 is reached. If
dGLi < �kbdt for any time step, dt, in the simulation, then
the value kb is adjusted so that kbdt ¼ �dGLidt.


Before the electrochemical experiment is started, we
assume that the only Li present is in the form of Liþ ions
in the solution phase (bulk solution). Therefore, the initial
conditions (t¼ 0) for the species taking part in the
reaction are:


½Liþ� ¼ ½Li�bulk for 0 � r � 1 and 0 � z � 1
GLi ¼ 0 for 0 � r � rd and z ¼ 0


(6)


The shape of the cell implies a bulk concentration
of Liþ at the semi-infinite boundaries and non-flux
boundary conditions on the symmetry axis and on the
inert material surrounding the microdisc. The following
equations represent these boundary conditions for t> 0:


½Liþ� ¼ ½Li�bulk for 0 � r � 1 and z ¼ 1
½Liþ� ¼ ½Li�bulk for r ¼ 1 and 0 � z � 1
@½Liþ�
@r


¼ 0 for r ¼ 0 and 0 � z � 1
@½Liþ�
@r


¼ 0 for rd � r � 1 and z ¼ 0


(7)


At the disc surface (0� r� rd, z¼ 0) we have the
following condition:


D
@ Liþ½ �
@z


¼ @GLi


@t


¼ kf Liþ½ �z¼0�kb for r ¼ 0 and 0 � z � 1 (8)


Due to these conditions the current can be calculated
using the following equation:


I ¼ �2pF


Zrd


0


@GLi


@t
r dr (9)

Copyright # 2007 John Wiley & Sons, Ltd.

Numerical simulation and convergence


A fully implicit finite difference scheme68 combined with
Newton’s method and accompanied by an extended
version of the Thomas algorithm69,70 was used to solve
the system of partial differential equations. The simula-
tion space was covered with a grid that expands exponen-
tially from the singularity (the electrode/inert material
boundary) and the electrode surface.71 The spatial and
temporal convergence of the simulation program were
tested to ensure a convergence error of less than 1% when
compared with ‘over’ converged simulations. The pro-
gram was written for Matlab 7.3.0 (R2006b) and executed
on a PC with Pentium 4 3.40 GHz processor and 2 GB of
RAM. The fitting of the simulation and experimental data
were optimised by minimising the value of the mean scale
difference (MSD) given by Eqn 10.


MSD ¼
X
n


ðInexperimental � InsimulationÞ
Insimulation


����
���� (10)


where n is the number of data points.

RESULTS AND DISCUSSION


CV of lithium ions in THF at Pt micro- and
macro-electrodes at various temperatures


Figure 2 shows a cyclic voltammogram run at 10 mV s�1


using a platinum microdisc electrode (radius: 5.0mm) in
THF (0.1 M TBAP)þLiAsF6 (8.14 mM) recorded
between 0 and �4 V versus Fc=FcþPF�


6 . The temperature
was maintained at 295 K� 1 K. On the forward sweep,
the current remains at baseline levels until a potential of
ca �3.8 V versus Fc=FcþPF�


6 where the reduction of Li
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Figure 3. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm) with tetra-n-butylammonium perchlorate
(TBAP, 0.1M) as the supporting electrolyte. The temperature
was varied: (a) 295K, (b) 273K, (c) 263K, (d) 253K and (e)
243K. Scan rate: 10mV s�1; start scan: 0 V, first reverse: >
�4V versus Fc=FcþPF�6
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ions begins. The current value rises rapidly and continues
until a current plateau is reached. In Fig. 2, it can be
observed that the reduction of Li ions appears diffusion-
controlled, highlighted by the current plateau at ca �4 V
versus Fc=FcþPF�


6 . Determination of the diffusion
coefficient, D, using Eqn 11, using the limiting current,
Ilim, yielded the value, (1� 0.02)� 10�5 cm2 s�1 at
295 K.


Ilim ¼ 4nFDrc (11)


In Eqn 11,66 n is the number of electrons transferred, F
is the Faraday’s constant (96 485 C mol�1), c is the con-
centration of electroactive species and r is the electrode
radius. Upon reversing the electrode potential, i.e.
oxidative scanning, a ‘nucleation loop’72 is first observed
before the ‘stripping peak’.62 This loop is good evidence
that the cathodic current is due to Li deposition; this is
confirmed by the shape of the anodic (stripping) peak on
the reverse scan, clearly that for the stripping of a surface
layer. Table 1 provides data showing clearly that the
charge involved in reduction of the Li ions is also similar
in magnitude to the charge ‘stripped’ during oxidation or
deposition. Other features of the deposition are the low
background and charging currents on the forward scan
and the sharp current drop following the oxidative current
peak, iOx


p .
Next, a range of experiments were performed in THF at


low temperatures. By varying the temperature, the
influence on kinetics could be studied. The temperature
was varied between 295 and 196 K. The results are shown
in Figs 3 and 4. It is clear that temperature has a very
strong influence on the formal potential,E0


f , the rate of
mass transport and the kinetics of the Li/Liþ couple as
observed by the current-potential curves on the reverse
scans. As the temperature was decreased, the potential at
which the reduction wave was observed shifted to more
negative values versus Fc=FcþPF�


6 . Additionally, the
stripping peak shifted to less negative potentials versus
Fc=FcþPF�


6 . Figure 4 highlights the lower temperature
electro-deposition data. To gain thermodynamic and
kinetic data from these data, the mathematical model

Table 1. Charge (Q) injected in Coulombs for reduction/
oxidation at various temperatures


Temperature/K


Charge, (Qred)
injected for
reduction/Ca


Charge, (Qox)
injected for
oxidation/Ca


295 4.9� 10�7 5.1� 10�7


273 4.5� 10�7 4.4� 10�7


263 3.3� 10�7 3.5� 10�7


253 1.5� 10�7 1.6� 10�7


233 2.2� 10�8 2.0� 10�8


223 1.3� 10�8 1.6� 10�8


196 3.9� 10�9 3.8� 10�9


a Charge injected determined from analysis of the area under the peak for
reduction and oxidation.


Copyright # 2007 John Wiley & Sons, Ltd.

described earlier in the paper was used to extract the
information. The data are discussed in the next section.


A platinum macroelectrode was next used to observe
the difference, if any, in the CV curves for the Li
deposition. Using a larger disc electrode radius (area,
A¼ 0.0104 cm2), the diffusion profile towards the elec-
trode surface changes from a convergent one (microdisc
electrode) to a planar regime.65,66 The results of three
scans at using different voltage scan rates are shown in
Fig. 5. Immediately apparent from these curves is a
‘pre-peak’ before deposition peak potential, Ep¼�3.2 V
versus Fc/FcþPF�


6 . Determining the area under each peak
(subtracting the background current and considering the

Figure 4. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm) with tetra-n-butylammonium perchlorate
(TBAP, 0.1M) as the supporting electrolyte. The temperature
was varied: (a) 233K, (b) 223K, (c) 213K and (d) 196K. Scan
rate: 10mV s�1; start scan: 0 V, first reverse: > �4V versus
Fc=FcþPF�6
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Figure 5. Reduction of lithium ions (LiAsF6, 6.7mM) in
tetrahydrofuran (THF) at a platinum macrodisc electrode
(area, A¼ 0.0104 cm2) with tetra-n-butylammonium per-
chlorate (TBAP, 0.1M) as the supporting electrolyte at
295K. The scan rate was varied: (a) 10; (b) 50 and (c)
100mV s�1. Start scan: �2V, first reverse: > �4V versus
Fc=FcþPF�6
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scan rate), the charge, Q, was calculated. The data are
shown in Table 2.


Using the charge obtained for a scan rate of
200 mV s�1, the number of moles per area was calculated
to be: 7.0� 10�9 mol cm�2, and the area per mole
occupied by Li is 2.6� 10�9 mol cm2. These data suggest
that this peak is due to under-potential deposition (upd) of
a Li monolayer on platinum. This also accounts for the
‘post-peak’ (Ep¼�3.2 V versus Fc/FcþPF�


6 ) observed in
the microdisc electrode anodic scans where a small
post-peak was seen following a larger stripping peak. The
fact that bulk Li is deposited on top of upd encourages the
belief in the validity of the approximation that kf and kb


are constant for all bulk Li deposits at a given potential.

Simulation of Li deposition on platinum
microdisc electrodes: variable temperature
analysis for the determination of both
thermodynamic (formal potential, E0


f ) and
kinetic (rate constant, k0) data


While the pre-deposition and post-stripping peaks can be
attributed to the formation of a monolayer of Li on the

Table 2. Charge under peak in Coulombs determined at
various scan rates at room temperature


Scan rate, v/mV s�1 Charge, Q/C


10 2.7� 10�5


50 1.2� 10�5


100 1.8� 10�5


200 0.7� 10�5


250 0.7� 10�5


Copyright # 2007 John Wiley & Sons, Ltd.

platinum electrode the main reduction wave and stripping
peak can be attributed to the deposition and stripping of
bulk Li on Li. At 295 K an approximate calculation
suggests that there are in the region of 2500 layers of Li on
the electrode surface before the main stripping peak,
although due to the radial nature of the diffusion profile to
microdisc electrodes, the deposition of Li over the
electrode surface will not be uniform. This confirms that
the ‘thick layer’ model described above is appropriate.
This model assumes that the deposition on the disc can be
treated as having an infinitely small height and that the
solution concentration of Liþ reached near the electrode
surface is well below the saturation limit. The validity of
the assumptions in this model will be discussed later.
Analysis of the formation of the upd monolayer of Li on
the platinum microelectrode will be the subject of future
investigation.


Figure 6 shows the formal potential, E0
f , values


(versusFc=FcþPF�
6 ) extracted from the experimental data


shown in Fig. 2 against temperature, T. The E0
f values


were extracted using the simulation method detailed in
‘Theory’ section and were optimised using a MSD
method reported in ‘Numerical Simulation and Conver-
gence’ section. The thermodynamic reduction potential of
Li can be compared to that of various organic compounds
in a common solvent system allowing a preliminary
assessment of the reduction capabilities of the metal.
Knowing the temperature dependence of E0


f allows the
calculation of E0


f at a chosen reaction temperature. From
Fig. 6 it can be seen that dE0


f =dT equals �9.2 (�
0.5)� 10�4 V K�1. From this the change in entropy for
the half cell reaction Liþ þ e� ¼ Li relative to the
Fc þ PF�


6 ¼ FcþPF�
6 þ e� couple can be calculated from


Eqn 12 as �89� 5 J mol�1 K�1.


DS0 ¼ F
dE0


f


dT
(12)


Figure 7 shows an example of the fitting of the
experimental and simulation data. Table 3 shows the best

Figure 6. A plot of formal potential, E0f , versus tempera-
ture, T. From the line of best fit, dE0f =dT ¼�9.2�
10�4 VK�1 (R¼0.944)
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Figure 7. The fitting of simulation and experimental data at
295K


Figure 8. A plot of ln(k0) versus 1/T. From the line of best fit,
dðlnðk0ÞÞ=dð1=TÞ¼�9640.5 K (R¼0.958)
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fit values for the parameters of interest. In all cases
a¼ 0.57� 0.03. a is the transfer coefficient, a measure of
the ‘symmetry’ of the reaction pathway curves.66


Figure 8 shows the optimised k0 values that correspond
to the experimental data in Fig. 2. This is displayed as a
plot of ln(k0) against 1/T. The linear nature of this trend
corresponds to that expected from Arrhenius behaviour.


lnðkÞ ¼ lnðAÞ � Ea


RT
(13)


This suggests an activation energy of �80�
15 kJ mol�1 and a pre-exponential factor of 3.4
(�2)� 1010 cm s�1.


As can be seen from Fig. 7, the simulation fits the Li
deposition and the early part of the stripping peak. The
maximum of the latter is difficult to reproduce with the
present model. This is due to a variety of reasons related
to the complexity of the system under investigation and
the assumptions and limitations of the model. The latter
assumes that the nature of the diffusion to the microdisc is
unaffected by the height of any deposits of Li on the
electrode. Due to radial diffusion the current density at the
edge of the microdisc is higher than that in the centre of
the electrode. This results in an ‘edge effect’73 where the
metal deposits in a ring around the edge of the electrode
faster than it is deposited in the centre. This creates a

Table 3. Electochemical parameters determined from simulation


Temperature
T/K


Diffusion
coefficient,


D/cm2 s�1� 0.1� 10�6


295 8.7� 10�6


273 7.6� 10�6


263 6.0� 10�6


253 5.0� 10�6


243 4.0� 10�6


Copyright # 2007 John Wiley & Sons, Ltd.

‘wall’ around the electrode which will affect the diffusion
of Liþ to the centre. The height and associated surface
area of this edge deposit will also change the rate at which
Li deposits and strips from around the edge of the
electrode.


It is also possible that the saturation limit of Liþ in THF
may also reduce the rate at which Li can be stripped off
the electrode. At 295 K the simulation calculates the
concentration of Liþ near the electrode surface to reaches
0.065 M. It is not expected that the saturation limit will
have a major effect of this voltammetry in this case as Li
perchlorate is known to have a high solubility in polar,
aprotic solvent such as THF. Solutions up to 0.8 M LiClO4


in THF have been made.74


In the case of Li deposition on a platinum microdisc,
the process involved is more complicated than a simple
heterogeneous one-electron transfer. The Li has to
nucleate and deposit on the platinum electrode before
Li can be deposited on itself. The nature of the film/
electro deposit has been previously studied (AFM and
STM analyses)50 in a range of media and using a number
of different electrode substrates.46–49,51 These investi-
gations have suggested that the nature of the electrode
surface, i.e. surface defects,48 the solvent/supporting
electrolyte51 and the initial electro deposits of Li, i.e. upd
films will affect the resulting morphology of the

s at various temperatures


Rate constant,
k0/cm s�1


Formal
potential,


E0
f /V versus Fc/FcþPF�


6


1.0� 10�4 �3.480
5.0� 10�5 �3.472
4.0� 10�6 �3.460
1.4� 10�6 �3.451
1.0� 10�7 �3.430
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multilayer structure. In the stripping peak there will be a
mixture of Li stripping off Li and off the platinum
electrode. Therefore, the use of a simple rate constant, to
cover this type of behaviour is clearly approximate.


At low temperatures (below 233 K) the model is not
valid as only very small amounts of Li are deposited on
the electrode and the voltammetry is dominated because
the nucleation processes.

CONCLUSIONS


The kinetic and thermodynamic data presented in this
paper provide a basis for the understanding of the use of
the Li/Liþ couple in synthetic chemistry and electro-
chemistry.
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ABSTRACT: The gas-phase elimination kinetics of the title compounds were carried out in a static reaction system and
seasoned with allyl bromide. The working temperature and pressure ranges were 200–280 8C and 22–201.5 Torr,
respectively. The reactions are homogeneous, unimolecular, and follow a first-order rate law. These substrates
produce isobutene and corresponding carbamic acid in the rate-determining step. The unstable carbamic acid intermediate
rapidly decarboxylates through a four-membered cyclic transition state (TS) to give the corresponding organic nitrogen
compound. The temperature dependence of the rate coefficients is expressed by the following Arrhenius equations: for
tert-butyl carbamate logk1 (s�1)¼ (13.02� 0.46) – (161.6� 4.7) kJ/mol(2.303RT)�1, for tert-butyl N-hydroxycarbamate
logk1 (s�1)¼ (12.52� 0.11) – (147.8� 1.1) kJ/mol(2.303RT)�1, and for 1-(tert-butoxycarbonyl)-imidazole logk1 (s�1)¼
(11.63� 0.21)–(134.9� 2.0) kJ/mol(2.303RT)�1. Theoretical studies of these elimination were performed at Møller–
Plesset MP2/6-31G and DFT B3LYP/6-31G(d), B3LYP/6-31G(d,p) levels of theory. The calculated bond orders, NBO
charges, and synchronicity (Sy) indicate that these reactions are concerted, slightly asynchronous, and proceed through a
six-membered cyclic TS type. Results for estimated kinetic and thermodynamic parameters are discussed in terms of the
proposed reaction mechanism and TS structure. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: tert-butyl carbamates; kinetics; gas-phase elimination; MP2/6-31G; B3LYP/6-31G(d); B3LYP/6-31G(d,p)


calculations; mechanism

INTRODUCTION


The gas-phase elimination of esters of N,N-dimethyl-
carbamic acids with a Cb—H bond at the alkyl side is
generally considered to proceed through a six-
membered cyclic transition state (TS) type of mechan-
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ism, similar to those described for acetates, carbo-
nates, and xanthates1–7 [reaction (1)]. A mechanism
described in reaction (2) was thought to be possible.8


However, the same authors considered the TS for
the b-H abstraction by nucleophilic nitrogen atom
improbable.

ð1Þ


ð2Þ
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Scheme 1.
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The carbamate esters were also thought to decompose
through an intermediate whose structure lies between a
semi-concerted six-membered cyclic TS and an intimate
ion-pair type of mechanism.7,9 Moreover, the elimi-
nation kinetics of 2-substituted alkyl ethyl N,N-diethyl
carbamates10 showed a difference in the elimination
rates of olefin formation in the order tert-butyl>
isopropyl> ethyl. A similar sequence for the correspond-
ing 2-substituted alkyl ethyl N,N-dimethyl carbamates11


was obtained. The mechanism of these reactions was
explained in terms of Ca—O bond polarization, in the
direction Cdþ


a —Od�, as a determining factor to proceed
according to reaction (1).


Phenyl and bulky groups attached to the N atoms of
ethyl carbamates were found to decrease the elimination
rates due to steric factors.12 The use of several
correlation methods,13 such as the steric parameters of
Hancock’s Ec


s , Taft’s Es, Charton’s y, the inductive sI


values, and the Taft–Topsom equation, for a large num-
ber of 2-substituted-ethyl N,N-dimethylcarbamates,14


(CH3)2NCOOCH2CH2Z, gave random points with no
meaning for a reasonable mechanistic interpretation.
However, the plot of the logkZ/kCH3 against the original
Taft s( values14 gave rise at the origin [s((CH3)¼ 0.00] to
three approximately straight lines. Such results suggested
that small alterations in the polarity of the TS may be due
to changes of electronic transmission at the reaction
center. This means that a simultaneous effect may be
operating during the process of elimination. A reasonable
mechanism was proposed according to each slope of
the straight lines. In the case of the point position of
Z¼ phenyl (C6H5) and isopropenyl [CH2


——C(CH3)],
substituents falling far above the three lines were found to
enhance the rate of elimination due to the acidity of the
benzylic and allylic Cb—H bond.15


A theoretical study using the Møller–Plesset MP2/
6-31G method for the gas-phase elimination of
2-substituted alkyl ethyl N,N-dimethyl carbamate16 gave
additional support for the concerted, non-synchronous
six-membered cyclic TS mechanism. Correlation of the
logarithm of the theoretical rate coefficients against Taft
(( values gave an approximate straight line of r


� ¼�1.39,
r¼ 0.956 at 360 8C16 in comparison of the experimental
correlation of r


� ¼�1.94, r¼ 0.976 at 360 8C. It is
interesting to note that the experimental logkrel. versus the
theoretical logkrel. of these alkyl substituted carbamates
gave a straight line (r¼ 0.9919 at 360 8C),16 implying
similar mechanism.


Saturated heterocyclic carbamates17 showed a dec-
rease in elimination rates due to electronic factors. The
nitrogen atom of heterocyclic carbamates has its electrons
delocalized through the pi bonds, causing a rate enhan-
cement from the resonance interactions (Scheme 1).
The elimination products of these carbamates are the
corresponding carbamic acids and isobutylene. The
intermediate acids are unstable and decarboxylate at
the reaction temperature.

Copyright # 2007 John Wiley & Sons, Ltd.

Recently, work related to the heterocyclic carbamates
described above was examined theoretically at the MP2/
6-31G level of theory.18 The theoretical thermodynamic
and kinetic parameters were found to be in good
agreement with the experimental values. TS structures
are described as six-membered rings with some departure
from planarity.


The previous investigations of comparable reactions
have led to the examination of both experimental
and theoretical elimination kinetics of tert-butyl carba-
mates with different substituents directly attached to the
N atom, such as tert-butyl carbamate and tert-butyl
N,N-dimethyl carbamate. These substrates may be
useful to use for related or comparative study on the
gas-phase decomposition of tert-butyl carbamates com-
pounds. In the present paper, the kinetic work on the
gas-phase elimination of tert-butyl N-hydroxycarbamate
and 1-(tert-butoxycarbonyl)-imidazole is included.

COMPUTATIONAL METHODS
AND MODELS


Electronic structure calculations were carried out
using Møller–Plesset perturbation method MP2/6-31G
and DFT B3LYP/6-31G(d), B3LYP/6-31G(d,p) as imple-
mented in Gaussian 98W.19 The Berny analytical
gradient optimization routines were used. The requested
convergence on the density matrix was 10�9 atomic
units, the threshold value for maximum displacement
was 0.0018 Å, and that for the maximum force was
0.00045 Hartree/Bohr. The nature of stationary points was
established by calculating and diagonalizing the Hessian
matrix (force constant matrix). TS structures were
characterized by means of normal-mode analysis. The
transition vector (TV) associated with the unique
imaginary frequency, that is, the eigenvector associated
with the unique negative eigenvalue of the force constant
matrix, has been characterized.


Frequency calculations were carried out to obtain
thermodynamic quantities such as zero point vibrational
energy (ZPVE), temperature corrections E(T), and
absolute entropies S(T). Temperature corrections and
absolute entropies were obtained assuming ideal gas
behavior from the harmonic frequencies and moments of
inertia by standard methods20 at the average temperature
and pressure values within the experimental range.
Scaling factors for frequencies and zero point energies
were taken from the literature.21
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Method

Table 1. Ratio of final (Pf) to in


Substrate


tert-Butyl carbamate


tert-Butyl N-hydroxy carbamate


1-(tert-Butoxycarbonyl)-imidazole


Copyright # 2007 John Wiley & Son

fVIB

itial pressure (P0) of


Temperatu


249.0
261.5
270.8
280.9
219.0
230.4
240.3
250.3
198.3
216.7
226.6
238.1


s, Ltd.

fZPE

HF/6-31G(D)

 0.8929

 0.9135


B3LYP/6-31G(d)

 0.9613

 0.9804


B3LYP/6-311G(d,p)

 0.97

 0.99


MP2(Full)/6-31G(d)

 0.9427

 0.9676

The first-order rate coefficient k(T) was calculated
using the TST22 assuming that the transmission coeffi-
cient is equal to 1, as expressed in the following relation:


kðTÞ ¼ ðKT=hÞ exp �DG66¼=RT
� �


where is the Gibbs free energy change between the
reactants and the TS and K and h are the Boltzmann and
Planck constants, respectively. was calculated using the
following relations:


DG66¼ ¼ DH 66¼ � TDS66¼


and


DH 66¼ ¼ V 66¼ þ DZPVE þ DE ðTÞ
where is the potential energy barrier and and are the
differences of ZPVE and temperature corrections
between the TS and the reactant, respectively.

RESULTS AND DISCUSSION


The molecular elimination of the carbamates described by
reaction (3), in a static system,


(3)


with vessels seasoned with allyl bromide and in the
presence of cyclohexene and/or toluene inhibitors,

the substrat


re (8C)

demands that Pf/P0¼ 3.0, where the Pf and P0 are the
final and initial pressures, respectively. The average
experimental results of Pf/P0 values at four different
temperatures and 10 half-lives were: 2.8 for tert-butyl
carbamate, 2.9 for tert-butyl N-hydroxy carbamate, and
2.8 for 1-(tert-butoxycarbonyl)-imidazole (Table 1).


The small departure from Pf¼ 3P0 may be due to slight
polymerization of the product isobutene. Additional
examination of the stoichiometry of reaction (3), up to
65–80% decomposition, was possible by comparing the
percentage decomposition of the substrate calculated
from pressure measurements with that obtained from the
chromatographic analyses of the olefin product isobutene
(Table 2).


To examine the influence of the surface area on the
rate of elimination, several runs were carried out in
a vessel with a surface-to-volume ratio 6.0 times
greater than that normal which is equal to 1.0. The
packed and unpacked clean Pyrex vessels, except
1-(tert-butoxycarbonyl)-imidazole had a significant effect
on the rates. However, the packed and unpacked vessels
seasoned with allyl bromide showed no marked effect on
the rate coefficients of these carbamates (Table 3). The
pyrolysis of these carbamates, in seasoned vessels, had to
be carried out in the presence of at least twice the amount
of the inhibitor cyclohexene and/or toluene (Table 4). No
induction period was obtained. The rate coefficients are
reproducible with a relative standard deviation not greater
than 5% at a given temperature.


The rate coefficient of these eliminations has been
found to be independent of initial pressures (Table 5), and
the first-order rate coefficient was calculated from . A plot
of log(3P0�Pt) against time (t) gave a good straight line
up to 65–80% decomposition (Fig. 1). The variation of the
rate coefficient with temperature and the corresponding
Arrhenius equations are given in Table 6 (90% confidence
coefficient from least-squares procedure).


To provide a reasonable mechanism from the
calculated results of Table 7 describing the elimination
kinetics tert-butyl carbamates, a theoretical examination
was carried out.

e


P0 (Torr) Pf (Torr) Pf/P0 Aver.


35 96.5 2.8 2.8
33 90.5 2.7
26 72 2.8
39 107.5 2.8
76 222.5 2.9 2.9
49 144 3.0
67.5 199.5 2.9
68 200 2.9
20.3 53.6 2.6 2.8
16.8 46.8 2.8
26.2 74.2 2.8
27.9 76.7 2.8
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Table 2. Stoichiometry of the reaction


Substrate Temperature (8C) Parameters Value


tert-Butyl carbamate 261.5 Time (min) 3 4 8 12
Reaction (%) (pressure) 26.8 34.2 56.6 71.1
Isobutene (%) (GLC) 27.6 33.2 53.5 75.0


tert-Butyl N-hydroxy carbamate 229.3 Time (min) 1 3 7 10 14
Reaction (%) (pressure) 7.9 19.1 42.7 56.2 67.4
Isobutene (%) (GLC) 7.1 18.8 41.9 56.8 69.9


1-(tert-Butoxycarbonyl)-imidazole 216.7 Time (min) 3.6 7 8.5 12 18.5
Reaction (%) (pressure) 27.6 45.7 58.7 78.4 86.7
Isobutene (%) (GLC) 24.8 42.5 55.2 75.7 83.0


Table 3. Homogeneity of the reactions


Compound S/V (cm�1) 104k1 (s�1)a 104k1 (s�1)b


tert-Butyl carbamate at 249.0 8C 1 14.15 7.93
6 13.79 7.42


tert-Butyl N-hydroxy carbamate at 219.4 8C 1 11.43 7.03
6 13.39 7.15


1-(tert-Butoxycarbonyl)-imidazole at 216.4 8C 1 18.00 17.74
6 16.77 17.23


S¼ surface area; V¼Volume.
a Clean Pyrex vessel.
b Vessel seasoned with allyl bromide.


Table 5. Invariability of the rate coefficients with initial pressure


Substrate Temperature (8C) Parameters Value


tert-Butyl carbamate 249.0 P0 (Torr) 19 24 34.5 51.5
104k1 (s�1) 8.00 7.86 7.97 7.60


tert-Butyl N-hydroxy carbamate 219.3 P0 (Torr) 53 80.3 94 127
104k1 (s�1) 7.87 7.77 7.67 7.45


1-(tert-Butoxycarbonyl)-imidazole 226.6 P0 (Torr) 22.9 36.2 46 56 64
104k1 (s�1) 34.29 33.12 33.42 33.71 34.04


Table 4. Effect of the free radical inhibitor on rates


Substrate Temperature (8C) Ps (Torr) Pi (Torr) Pi/Ps 104k1 (s�1)


tert-Butyl carbamatec 249.0 34.5 — — 7.97
51.5 51 1.0 7.65
35 61.5 1.8 8.08
23 100.5 4.4 7.96
19 101 5.2 8.00


tert-Butyl N-hydroxy carbamatea 219.3 55 — — 10.93
58.3 44 0.8 7.68
80.3 115 1.4 7.77
53 106.5 2.0 7.87


1-(tert-Butoxycarbonyl)-imidazoleb 216.6 74 — — 15.21
41.5 59 1.4 19.21
42 86 2.1 18.00
42 126 3.0 19.16


Ps¼ pressure of the substrate.
Pi¼ Pressure of the inhibitor.
a Toluene inhibitor.
b Cyclohexene inhibitor.
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Figure 1. A representative plot of log(3P0� Pt) versus time
for carbamates (tert-butyl carbamate at 261.5 8C). This
figure is available in colour online at www.interscience.
wiley.com/journal/poc
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Calculated kinetic and thermodynamic
parameters


The gas-phase thermal decomposition of N-substituted
t-butyl carbamates yields isobutylene and the correspond-
ing carbamic acid in a slow step according to Scheme 2.
The carbamic acids are unstable under the reaction
conditions and decarboxylate rapidly to give carbon
dioxide and the corresponding amine. The kinetics of
the rate-determining step in the decomposition of
N-substituted t-butyl carbamates as well as the dec-
arboxylation of the corresponding carbamic acids were
examined using electronic structure calculations.

Table 6. Variation of rate coefficients with temperature


Substrate Parameters


tert-Butyl carbamate Temp. (8C) 235.6
104k1 (s�1) 2.41


Rate equation logk1 (s�1)¼
tert-Butyl N-hydroxy carbamate Temp. (8C) 220.3


104k1 (s�1) 1.67


Rate equation logk1 (s�1)¼
1-(tert-Butoxycarbonyl)-imidazole Temp. (8C) 198.3


104k1 (s�1) 4.84


Rate equation logk1 (s�1)¼


Table 7. Kinetic and thermodynamics parameters for pyrolysis o


Z k1� 10�4 (s�1) Ea (kJ/mol) logA (s�1) DS


NH2 1.74 161.6� 4.7 13.02� 0.46
(CH3)2N 2.95 157.9 12.87
HONH 14.79 147.8� 1.1 12.52� 0.11
C3H3N2 41.89 134.9� 2.0 11.63� 0.21


Copyright # 2007 John Wiley & Sons, Ltd.

Geometries for reactants, TS, and products for the
reactions under study were optimized using Møller–
Plesset perturbation MP2/6-31G and DFT B3LYP/
6-31G(d), B3LYP/6-31G(d,p). Frequency calculations
were carried out at the average experimental conditions
for this series of N-substituted carbamates (T¼ 230 8C).
Thermodynamic quantities such as ZPVE, temperature
corrections (H(T)), energy, enthalpy, and free energies
were obtained from vibrational analysis. Entropy values
were calculated from vibrational analysis and using
the empirical parameter Cexp suggested by Chuchani–
Cordova.23 This parameter is obtained from the exper-
imental free energy of activation for each reaction and
serves as scaling factor. The calculation results for the rate
controlling step are shown in Table 8.


Analysis of calculated parameters at MP2/6-31G,
B3LYP/6-31G(d), and B3LYP/6-31G(d,p) levels of
theory shows that calculated activation energies are in
reasonable agreement to the experimental counterparts
for the two step mechanism at B3LYP/6-31G(d,p) level of
theory [reaction (1)]. In all cases, MP2/6-31G over-
estimates the activation parameters, while DFT B3LYP/
6-31G underestimates; however, the inclusion of polar-
ization functions significantly improves the results as
expected. Rate coefficients are within the same order of
magnitude compared to experimental values. Experimen-
tally, it is observed that the reaction is faster for the
imidazole substituent followed by that of —NHOH,
dimethylamine, and amine, that is: N2C3H3>NHOH>
N(CH3)2>NH2. Calculated energies of activation follow
the same trend.


Calculated values of entropies of activation for the
rate-determining step vary from �35 to �9 J/mol K. It

Value


240.1 249.0 261.5 270.8 280.8
3.71 7.93 17.31 29.55 59.55


(13.02� 0.46)� (161.6� 4.7) kJ/mol(2.303RT)�1r¼ 0.9983


210.3 219.4 230.4 239.8 250.3
3.52 7.03 16.03 30.36 58.38


(12.52� 0.11)� (147.8� 1.1) kJ/mol(2.303RT)�1r¼ 0.9999


207.5 216.7 226.6 238.1
9.26 18.00 34.12 64.10


(11.63� 0.21)� (134.9� 2.0) kJ/mol (2.303RT)�1r¼ 0.9998


f ZCOOC(CH3)3 at 230.0 8C


6¼ (J/mol K) DH 6¼ (kJ/mol) DG 6¼ (kJ/mol) Ref.


�8.28 157.4 161.6 This work
�11.15 153.7 159.3 11
�17.85 143.6 152.6 This work
�34.89 130.7 148.3 This work
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Scheme 2.


Table 8. Kinetic and thermodynamic parameters for the gas-phase elimination of tert-butyl carbamates Z-COO-C(CH3)3


Z DH 6¼ (kJ/mol) Ea (kJ/mol) DG 6¼ (kJ/mol) DS6¼ (J/mol K) logA (s�1) k� 104 (s�1)


–NH2 157.4a 161.6a 161.6a �8.28a 13.02a 1.74a


175.3b 179.5b 174.7b 1.19b 13.51b 0.07b


134.3c 138.5c 138.5c �8.35c 13.02c 439c


151.5d 155.6d 155.6d �8.15d 13.03d 7.41d


–N(CH3)2 153.7a 157.9a 159.3a �11.15a 12.87a 2.95a


162.3b 166.6b 167.6b �10.40b 12.91b 0.42b


130.6c 134.8c 136.2c �11.09c 12.88c 759c


148.7d 152.9d 154.3d �11.11d 12.87d 10.0d


–NHOH 143.6a 147.8a 152.6a �17.85a 12.52a 14.8a


156.4b 160.5b 165.2b �17.70b 12.53b 0.74b


126.2c 130.4c 135.2c �17.95c 12.52c 964c


141.0d 145.2d 150.0d �17.83d 12.52d 28.0d


–N2C3H3 130.7a 134.9a 148.3a �34.89a 11.63a 41.89a


147.0b 151.1b 164.1b �34.80b 11.63b 0.96b


120.7c 124.9c 138.3c �34.98c 11.63c 460c


134.9d 139.1d 152.5d �35.02d 11.63d 15.4d


Z¼NH2, N(CH3)2, NHOH, and N2C3H3 calculated at 230 8C
a Experimental.
b MP2/6-31G.
c B3LYP/6-31G.
d B3LYP/6-31G(d,p).
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is interesting that the more constrained TS corresponds
to the fastest reaction: N2C3H3>NHOH>N(CH3)2>
NH2; that is, the loss of degrees of freedom in the TS is
compensated by activation energies which vary in the
sense N2C3H3<NHOH<N(CH3)2<NH2. The negative
activation entropies are indicative of a concerted process
and a cyclic TS geometry (Scheme 3, Fig. 2). The TS for
the gas-phase thermal decomposition of N-substituted
t-butyl carbamates is a cyclic six-membered structure, in
accord to logA values between 11.63 and 13.02.24

Scheme 3.


Copyright # 2007 John Wiley & Sons, Ltd.

Parameters for decarboxylation of the intermediate
N-substituted carbamic acids were also calculated at the
B3LYP/6-31G level of theory. Experimentally, this was
not possible due to instability of the acids under the
reaction conditions. Calculated energies of activation and
rate coefficients for this step are shown in Table 9. The TS
for this step is shown in Fig. 3. Calculated energies of
activation and rate coefficients demonstrate that dec-
arboxylation of the carbamic acids is significantly faster
than the previous step for all substrates.


An alternate pathway [reaction (2)] was also investi-
gated. This mechanism is unlikely because the lone
electron pair on the nitrogen is involved in a partial double
bond with the carbonyl oxygen in the carbamates, as seen
on optimized carbamate structures. Even though the
electron density on the nitrogen is significant, proton
affinity on amides shows that the carbonyl oxygen is more
likely to be protonated than the nitrogen, thereby
suggesting that the abstraction is carried out by the
carbonyl oxygen. Previous theoretical studies on similar
substrates support the mechanism shown in reaction (1),
Scheme 2.16,18 Calculated activation parameters for
the mechanism in reaction (2) for t-butyl carbamate
(Z¼NH2) calculated at B3LYP/6-31G(d) are: DH 6¼ ¼
207.67 kJ/mol, Ea¼ 211.85 kJ/ml, DG6¼ ¼ 203.84 kJ/mol,
DS 6¼ ¼ 7.61 J/K mol. Activation parameters for the
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Figure 2. Two views of the optimized structures for the TS in the rate-determining step are shown for Z¼ imidazole. TS
geometries are a six-membered ring for all carbamates in this series. The six atoms involved in are almost in the same plane
(O–C–O–C–C–H). The imaginary frequency is associated with the transfer of the hydrogen from Cb at the ester side of the
carbamate to the carbonyl oxygen. This figure is available in colour online at www.interscience.wiley.com/journal/poc


Table 9. Energies of activation and rate coefficients for
N-substituted carbamic acids decarboxylation step from
B3LYP/6-31G(d) calculations


Z k2 (10�4 s�1) Ea (kJ/mol)


N(CH3)2 1995931.7 98.3
NH2 481115.4 102.6
HONH 54795.0 116.0
N2C3H3 16582.3 121.2


N-substituted carbamic acids are intermediates in the thermal decompo-
sition of tert-butyl carbamates Z-COO-C(CH3)3 at 230 8C.
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mechanism in reaction (2) deviate significantly from
experimental values; the energy of activation is about
50 kJ/mol higher than experimental. These findings
suggest that the thermal decomposition of t-butyl
carbamates proceeds through the mechanism in reaction
(1) as proposed in previous investigations.16,18

TS structure and mechanism


Geometrical parameters for reactants and TSs of the
rate-determining step for mechanism in reaction (1) are
shown in Table 10. Distances and angles between the
atoms involved in the reaction (H1, O2, C3, O4, C5, and
C6) show that the TS geometry is a six-membered ring
with the hydrogen being transferred (H1) midway
between the carbon (C6) and the oxygen (O2)
(Scheme 3, Fig. 2). The TS structure is almost planar
for all carbamates, except when Z¼—NHOH, for which

Figure 3. Decarboxylation reaction of the unstable N-substitute
(N–C–O–H) and the imaginary frequency is associated with the h
www.interscience.wiley.com/journal/poc


Copyright # 2007 John Wiley & Sons, Ltd.

some departure from planarity was observed in the
dihedral angles.


Comparison of TS structure for the carbamates of this
series showed similarity in bond distances. However,
some differences were observed; for example, the
progress in H1—O2 bond forming is more advanced
for carbamate Z¼NH2. The O4—C5 bond is more
elongated for the TS of carbamate Z¼N2C2H3 in the TS.
Some changes are observed also in C6—H1 bond
breaking, indicating differences in the electronic density
distribution in the TS for this series of carbamates. The TS
C6—H1 bond breaking distance is longer (1.270 Å) for
carbamates Z¼NH2 and Z¼N(CH3)2 compared to
1.230 Å for carbamates Z¼NHOH and Z¼N2C2H3.
Conversely, the breaking of O4—C5 bond is more
advanced for carbamate Z¼N2C2H3. The progress of the
reaction in the TS shows that O4—C5 and C6—H1 bond
distances increase implying breaking of these bonds
(1.47–1.48 to 2.15–2.90 Å in TS and 1.08–1.09 to
1.23–1.27 Å in TS, respectively). The C5—C6 and
C3—O4 bond distances reveal changes from single to
double bond character (1.53 to 1.41 Å in TS and
1.33–1.35 to 1.25–1.27 Å in TS, respectively) as
hybridization changes from sp3 to sp2. The transition
vector TV shows that the process is dominated by the
elongation of O4—C5 bond.


TSs for the rate-determining step were characterized by
unique imaginary frequencies: �1061.1, �1047.5,
�748.6, and �705.4 cm�1 for Z¼NH2, N(CH3)2,
NHOH, and N2C3H3 respectively, and it is associated
with the displacement of hydrogen H1 from C6 to the
carbonyl oxygen O2. It is interesting that the imaginary
frequency is much lower for carbamates Z¼NHOH
and N2C3H3.

d carbamic acids. The TS structure is a four-membered ring
ydrogen transfer. This figure is available in colour online at
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Table 10. Structural parameters reactants (R), TS, and products (P) for tert-butyl carbamates Z-COO-C(CH3)3;


Atom distances (Å)


H1–O2 O2–C3 C3–O4 O4–C5 C5–C6 C6–H1 C3–N7


Z¼ –NH2


R 2.414 1.210 1.350 1.470 1.530 1.090 1.365
TS 1.278 1.280 1.270 2.150 1.410 1.270 1.377
P 0.979 1.350 1.220 3.400 1.340 2.310 1.360


Z¼ –N(CH3)2


R 2.397 1.220 1.350 1.470 1.530 1.080 1.372
TS 1.351 1.280 1.270 2.140 1.410 1.270 1.377
P 0.979 1.350 1.220 3.390 1.340 2.310 1.365


Z¼ –NHOH
R 3.503 1.210 1.330 1.470 1.530 1.090 1.396
TS 1.419 1.270 1.270 2.230 1.410 1.230 1.393
P 0.983 1.330 1.220 3.410 1.340 2.220 1.373


Z¼ –N2C3H3


R 2.445 1.210 1.330 1.480 1.530 1.090 1.410
TS 1.434 1.260 1.250 2.290 1.410 1.230 1.426
P 0.986 1.330 1.210 3.410 1.340 2.180 1.403


Dihedral angles (degrees)


H1–O2–C3–O4 O2–C3–O4–C5 C3–O4–C5–C6 O4–C5–C6–H1


Z¼ –NH2


TS �5.699 7.210 �3.820 �0.050
Z¼ –N(CH3)2


TS 1.300 �1.530 0.680 0.130
Z¼ –NHOH


TS �14.480 16.390 �6.590 �1.540
Z¼ –N2C3H3


TS �0.260 0.300 �0.060 �0.120


Imaginary frequency (cm�1)


NH2 N(CH3)2 NHOH N2C3H3


TS �1061.1 �1047.5 �748.6 �705.4


Z¼NH2, N(CH3)2, NHOH, and N2C3H3.
Atom distances are in Å


´
and dihedral angles are in degrees from B3LYP/6-31G(d,p) calculations.
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NBO charges in Table 11 show the changes in electron
density for each substrate, from the reactant structure (R)
to the TS of the rate-determining step (TS) to products
(P). In all substrates there is an important charge
separation in atoms C3—O2 (carbonyl moiety),
C3—O4, and O4—C5.


The analysis illustrates that O4—C5 bond is highly
polarized in the reactants and the charge separation
increases in the TS structures, in the sense O4d�—C5dþ.
Following the reaction coordinate from reactant to TS, the
following changes in partial charges occur: an increase in
positive charge dþ in hydrogen H1 (from 0.11–1.45 to
0.331, 0.344 in TS), a small increase in negative charge in
carbonyl oxygen O2 (�0.488, �0.539 to �0.563, �0.594
in TS), and an increase in negative charge in O4 (�0.495,
�0.535 to �0.561, �0.597 in TS). There is also an
increase in the polarization at the O4—C5 bond, with
charge separation increasing from 0.77, 0.76 in the
reactants to 0.82, 0.85 in the TS. The more polarized TS is

Copyright # 2007 John Wiley & Sons, Ltd.

that of carbamates Z¼NHOH and N2C3H3. The
observation on NBO charges together with rate coeffi-
cients implies that the alkyl oxygen–carbon bond
polarization in the sense Od�—Cadþ, dominates the
decomposition process. Charge density plots of the TS
(Fig. 4) show the polarization towards the substituents
—NHOH and N2C3H3.

Bond order analysis


Bond order calculations NBO were performed.25–27


Wiberg28 bond indexes were computed using the natural
bond orbital NBO program29 as implemented in Gaussian
98W, to further investigate the nature of the TS along the
reaction pathway. Bond breaking and making processes
involved in the reaction mechanism can be monitored by
means of the Synchronicity (Sy) concept proposed by
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Table 11. NBO charges for reactants (R), TS, and products (P) for tert-butyl carbamates Z-COO-C(CH3)3


NBO charges


R TS P R TS P


Z¼ –NH2 Z¼ –N(CH3)2


H1 0.145 0.342 0.330 0.145 0.344 0.329
O2 �0.520 �0.572 �0.519 �0.539 �0.594 �0.534
C3 0.776 0.731 0.710 0.814 0.784 0.745
O4 �0.521 �0.566 �0.513 �0.535 �0.586 �0.533
C5 0.272 0.254 0.159 0.275 0.255 0.160
C6 �0.321 �0.463 �0.319 �0.321 �0.463 �0.319
N7 �0.620 �0.479 �0.483 �0.467 �0.448 �0.440


Z¼ –NHOH Z¼ –N2C3H3


H1 0.110 0.331 0.334 0.146 0.331 0.336
O2 �0.510 �0.571 �0.514 �0.488 �0.563 �0.506
C3 0.788 0.744 0.728 0.823 0.773 0.756
O4 �0.495 �0.597 �0.529 �0.511 �0.561 �0.479
C5 0.263 0.257 0.157 0.258 0.258 0.156
C6 �0.323 �0.454 �0.328 �0.324 �0.455 �0.332
N7 �0.334 �0.278 �0.256 �0.505 �0.473 �0.463


Z¼NH2, N(CH3)2, NH2OH, and N2C3H3 from B3LYP/6-31G(d,p) calculations.
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Moyano et al.30 defined by the expression:


Sy ¼ 1 �


Pn


i¼1


jdBi � dBavj=dBav


2n� 2


n is the number of bonds directly involved in the reaction
and the relative variation of the bond index is obtained

Figure 4. Charge density plots the TS in carbamate Z-COO-C(CH3


electron density toward the substituents NHOH and N2C3H3


www.interscience.wiley.com/journal/poc


Copyright # 2007 John Wiley & Sons, Ltd.

from:


dBi ¼
½BTS


i � BR
i �


½BP
i � BR


i �


where the superscripts R, TS, P, represent reactant, TS,
and product, respectively.

)3; Z¼NH2, N(CH3)2, NHOH, and N2C3H3. Polarization of the
is observed. This figure is available in colour online at
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The evolution in bond change is calculated as:


%Ev ¼ dBi � 100


The average value is calculated from:


dBave ¼
1


n


Xn


i¼1


dBi


Bonds indexes were calculated for those bonds that
change as the reaction proceeds, that is: H1—O2,
O2—C3, C3—O4, O4—C5, C5—C6, C6—H1
(Scheme 3, Fig. 2); all other bonds remain practically
unaffected. C3—N7 bond order was also included to
investigate the possible participation in the reaction
coordinate.


Calculated Wiberg indexes Bi for reactant, TS, and
products for N-substituted t-butyl carbamates (Z¼
—NH2, —N(CH3)2, —NHOH, —N2C3H3) allow inspec-
tion of the progress of the reaction and the position of the
TS between reactant and product (Table 12). Wiberg
indexes show that for all carbamates in this series the most
advanced reaction coordinate is O4—C5 bond breaking
(68–76%), followed by C3—O4 bond change from single
to double (55–61%). The O2—C3 change from double to
single bond is intermediate (50–53%) indicating that
hydrogen being transferred is halfway between O2 and
C6. The advancement in other reaction coordinates is less
important C6—H1 (43–48%), C5—C6 bond changes
from single to double (35–37%) and H1—O2 (35–40%).
The C3—N7 bond order shows very small changes. These
results show that the most important event in the
decomposition reaction is the polarization of alkyl

Table 12. Wiberg bond index from NBO B3LYP/6-31G(d,p) calcu
decomposition of tert-butyl carbamates Z-COO-C(CH3)3


H1–O2 O2–C3 C3–O4 O4–C5


Z
BR
i


0.0056 1.647 0.9947 0.8215


BET
i


0.2762 1.3182 1.3659 0.2649


BP
i


0.6725 1.0274 1.6327 0.0014
%Ev 40.58 53.07 58.18 67.87


Z¼
BR
i


0.0057 1.6165 0.9905 0.8196


BET
i


0.274 1.2985 1.3405 0.2676


BP
i


0.6692 1.0218 1.6012 0.0014
%Ev 40.44 53.47 57.31 67.47


Z¼
BR
i


0.0001 1.6547 1.0365 0.8113


BET
i


0.2383 1.3522 1.3422 0.2156


BP
i


0.6558 1.058 1.5926 0.0012
%Ev 36.33 50.70 54.97 73.53


Z¼
BR
i


0.0044 1.7033 1.055 0.7962


BET
i


0.2322 1.3793 1.4463 0.1902


BP
i


0.6471 1.0754 1.6994 0.0012
%Ev 35.44 51.60 60.72 76.23


Z¼NH2, N(CH3)2, NHOH, and N2C3H3.
Wiberg bond indexes (Bi), % evolution through the reaction coordinate (%Ev), avera


Copyright # 2007 John Wiley & Sons, Ltd.

oxygen–carbon (O4—C5) bond leading to its breaking
as the reaction proceeds, for all carbamates in the series.
Sy parameters tell a concerted asynchronic, semipolar
process, with Sy values ranging from 0.85 (most
asynchronic, imidazole substituent) to 0.89 (less asyn-
chronic, Z¼—NH2, N(CH3)2). The bond order analysis
is in accord with the TS structure, both in distances,
angles, and NBO charges as analyzed above. The TS
structure shows more progress in O3—C4 bond breaking
compared to other reaction changes. This finding suggests
that the polarization of this bond in the sense O3d�


—C4dþ is a determining factor in the gas-phase
elimination of N-substituted t-butyl carbamates.

EXPERIMENTAL


Tert-butyl carbamate, tert-butyl N-hydroxycarbamate,
and 1-(tert-butoxycarbonyl)-imidazole were bought
from Aldrich. The purity and identity of the
substrates and products were determined by GLC/MS
(Saturn 2000, Varian). Capillary column DB-5MS,
30 mm� 0.250 mm., i.d. 0.25mm. The olefin product
isobutylene was analyzed using a chromatograph Varian
3700 with a flame ionization detector and a two meter
packed column Porapak Q column (80–100 meshes).

Kinetics


The kinetics determinations were carried out in a static
reaction system as described before.31–33 The reaction

lations for reactant (R), TS, and products (P) for the thermal


C5–C6 C6–H1 C3–N7 dBav Sy


¼ –NH2


1.0049 0.9096 1.1643 0.5071 0.8935
1.3294 0.4854 1.1342
1.8882 0.0226 1.1679


36.74 47.82
–N(CH3)2


1.0046 0.909 1.1408 0.5047 0.8937
1.3272 0.4863 1.1220
1.8888 0.0221 1.1465


36.48 47.66
–NHOH
1.0062 0.9255 1.0878 0.4922 0.8718
1.3165 0.5287 1.1047
1.8805 0.0297 1.1472


35.49 44.30
–N2C3H3


1.0082 0.9108 0.9799 0.5061 0.8550
1.324 0.5304 0.8492
1.8771 0.0332 0.9896


36.34 43.35


ge bond index variation (dBav), and synchronicity parameter (Sy) are shown.
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vessel was seasoned with the product of decomposition of
allyl bromide at high temperature to produce a polymeric
coat in the reaction vessel. The rate coefficients were
determined manometrically. The temperature was found
to be within �0.2 8C when controlled by a SHINKO
DIC-PS 23TR resistance thermometer controller with a
calibrated iron–constantan thermocouple. Then, the
temperature lecture is measured within �0.1 8C with a
thermopar of iron–constantan attached to a Digital
Multimeter Omega 3465B. The reaction vessel showed
no temperature gradient at different points, and the
substrate was injected directly into the reaction vessel
through a silicone rubber septum.

CONCLUSIONS


The experimental data show that the elimination process
of N-substituted tert-butyl carbamates in the gas-phase is
homogeneous, unimolecular, and follows a first-order rate
law.


Theoretical calculations of these reactions suggest it
proceeds through a concerted asynchronous mechanism.
The TS structure of the rate-determining step for the
gas-phase elimination of N-substituted t-butyl carbamates
is a six-member ring geometry with some departure from
planarity when the nitrogen of the carbamates bears bulky
substituents. We demonstrate that the hydrogen is
abstracted by the carbonyl oxygen, not by the amide
nitrogen. In the TS structure the hydrogen is located
halfway between the carbonyl oxygen and alkyl beta
carbon. Calculated activation parameters are in good
agreement with experimental values at B3LYP/
6-31G(d,p) level of theory. Analysis of NBO charges
and bond orders suggests that the polarization of alkyl
oxygen–carbon bond, in the sense Od�—Cadþ, is the
determining factor in the decomposition process, with this
reaction coordinate being the most advanced for all
substrates in the TS. The presence of an aromatic system
and electron withdrawing groups in the carbamate
nitrogen facilitates the decomposition process by
polarizing the alkyl carbon–oxygen bond; nonetheless
other factors such as steric constraints and loss of entropy
may also be important, in view of the fact that the more
constrained TS correspond to the fastest reaction.
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ABSTRACT: Elimination reactions of C6H5C(R)HCO2C6H3-2-X-4-NO2 [R¼H (1), Ph (2), X¼H (a), Cl (b), NO2


(c)] promoted by R2NH in MeCN have been studied kinetically. The reactions are second-order and exhibit Brönsted
b¼ 0.46–0.89 and jblgj ¼ 0.37–0.76 and an E2 mechanism is evident. When the base-solvent was changed
from R2NH/R2NHþ


2 –70 mol% MeCN(aq) to R2NH-MeCN, b and jblgj values remained nearly the same within
experimental error. For eliminations from 1 and 2, b and jblgj values were nearly identical, although the rate was
retarded by the b-Ph group. Noteworthy is the relative insensitivity of the ketene-forming transition state to the
base-solvent and b-R group variation. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: elimination; E2; E1cb; base-solvent

INTRODUCTION


Extensive studies on the base catalyzed reactions of aryl
phenylacetates provided a rich mechanistic diversity
ranging from hydrolysis to ketene-forming elimination
reactions.1–14 When hydroxide or alkoxide was used as
the base in protic solvents, the reaction proceeded by the
hydrolysis mechanism. With amine bases in aprotic
solvent, however, the elimination became predominant
reaction pathway. One of the most interesting results from
these studies is the discovery of competing E2 and
E1cb mechanisms in eliminations from p-nitrophenyl
p-nitrophenylacetates promoted by R2NH/R2NHþ


2 in
70 mol% MeCN(aq).14 A gradual change of the mech-
anism from E2 to E1cb via a competing mechanism has
been demonstrated by systematically varying the struc-
ture of 2-Y-4-NO2C6H3CH2CO2C6H3-2-X-4-NO2.15 Thus,
the transition state became more E1cb-like as the leaving
group was made poorer, and the E1cb mechanism emer-
ged when X, Y¼H. The E1cb mechanism became
predominant when X¼H and Y¼NO2, probably
because the carbanion intermediate was stabilized by

to: S. Y. Pyun, Department of Chemistry, Pukyong
ity, Pusan 608-737, Korea.
pknu.ac.kr
e to: B. R. Cho, Department of Chemistry, Korea


amdong, Seoul 136-701, Korea.
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the strongly electron-withdrawing substituent and the E2
mechanism could no longer compete.


Earlier, we reported that the ketene-forming elimin-
ation from Ph2CHCO2Ar promoted by R2NH/
R2NHþ


2 –70 mol% MeCN(aq) proceeded via an E2-central
transition state, with similar extents of Cb —H
and Ca—OAr bond cleavage.16 Comparison of the
transition state parameters revealed that the extent of
proton transfer decreased and the degree of the leaving
group bond cleavage increased by the change of the
substrate from PhCH2CO2Ar to Ph2CHCO2Ar. The result
was attributed to the double bond stabilizing effect of the
b-Ph group. Because the phenyl group can stabilize the
C——C bond, more of the electron density on the b-carbon
would be transferred toward the Cb—Ca bond to increase
the transition-state double bond character for maximum
stabilization.


To further enhance our understanding on the ketene-
forming eliminations, we have investigated the reactions
of aryl phenylacetates 1 and 2 with R2NH-MeCN [Eqn
(1)]. We thought that the transition state double bond
character would increase in MeCN because the devel-
oping negative charge can not be stabilized by
solvation.14,16–18 Therefore, it would be interesting to
compare the b-Ph group effect on the ketene-forming
transition state under different conditions. Comparison
with existing data16 for the reactions of 1 and 2
with R2NH/R2NHþ


2 –70 mol% MeCN(aq) revealed the
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effects of the base-solvent and b-Ph group variations on
the ketene-forming eliminations.


H
C C


O


O


NO2


X
C C O


O NO2


X


+


+


R


R = H (1), Ph (2) X = H (a), Cl (b), NO2 (c)


R2NH = morpholine, tetrahydroisoquinoline, piperidine, 
 pyrrolidine


(1)
R


R2NH
MeCN

RESULTS


Aryl phenylacetates 1, 2 were available from previous
studies.16 The product of the reaction between 2a and
piperidine in MeCN was identified as described.14 From
this reaction, 3,3-diphenylpropionic acid piperidylamide
(3) was obtained in 89% yield [Eqn (2)].

H
C C


O C6H4-p-NO2


O
C
H


C N


Ph


(2)
Ph


MeCN


O


3


C C O
Ph


piperidine


MeCN


piperidine


2a

When the reactions of 1a–c and 2a–c with R2NH in
MeCN were monitored, the absorbance corresponding to
the reactant at 240–260 nm decreased, while that for the
aryloxides increased at 428–430 nm. Clean isobestic
points were observed at 289–300 nm. For elimination
reactions from 1a–c and 2a–c, the yields of the aryloxides
as determined by comparing the infinity absorbance of
the samples from the kinetic studies with those of the
authentic aryloxides were in the range of 93–96%. The
possibility of competing aminolysis had been ruled as
previously reported.14


Reactions of 1 and 2 with R2NH in MeCN were
followed by monitoring the increase in the absorbance of

Table 1. Rate constants for eliminations from PhCH(R)CO2C6H3


Base pKa
c 1a 1b


Morpholine 16.6 0.0438 2.88
THIQf 17.1 0.101 4.99
Piperidine 18.9 2.11 67.9
Pyrrolidine 19.6 28.2 459


a [Substrate]¼ 3.0� 10�5 M.
b [Base]¼ 4.0� 10�4�1.0� 10�1 M.
c References [23 and 24].
d, Average of three or more rate constants.
e Estimated uncertainty, �3%.
f 1,2,3,4-Tetrahydroisoquinoline.


Copyright # 2007 John Wiley & Sons, Ltd.

the aryloxides at 428–430 nm with a UV–Vis spectro-
photometer as described.14,16,19 Excellent pseudo-
first-order kinetic plots, which covered at least three
half-lives, were obtained. The plots of kobs versus base
concentration for 1 and 2 were straight lines passing
through the origin, indicating that the reactions are
second-order, first-order to the substrate and first-order to
the base (plots not shown). The second-order rate
constants k2 were obtained either from the slopes of
straight lines or by dividing the kobs by the base
concentration. Values of k2 for eliminations from 1 and
2 are summarized in Table 1.


The k2 values showed excellent correlation with
the pKa values of the promoting base on the Brönsted
plot (Figs 1 and 2). The b value decreased as the leaving
group was made less basic (Table 2). Similarly, the k2


values correlated satisfactorily with the leaving group pKa


values (Figs 3 and 4). The jblgj value decreased with a
stronger base (Table 3).

DISCUSSION


Mechanism of elimination from 1 and 2
promoted by R2NH in MeCN


Results of kinetic investigations and product studies
clearly establish that the reactions of aryl phenylacetates
1 and 2 with R2NH in MeCN proceed by the E2
mechanism. An addition-elimination mechanism (BAC2)
is ruled out by the negligible rates of aminolysis
compared with the overall rates as reported previously.14

-2-X-4-NOa promoted by R2NH MeCNb at 25.0 8C


k2 (M�1s�1)d,e


1c 2a 2b 2c


69.6 0.00864 0.514 33.4
104 0.0199 0.848 45.9
749 0.374 14.4 456


1620 5.89 142 1548
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Figure 1. Brönsted plots for the ketene-forming elimin-
ations from aryl phenylacetates [PhCH2CO2C6H3-2-X-4-
NO2] promoted by R2NH in MeCN at 25.0 8C [X¼H (&),
Cl (*), NO2 (~)].


Table 2. Brönsted b values for ketene-forming eliminations
from PhCH(R)CO2C6H3-2-X-4-NO promoted by R2NH in
MeCN at 25.0 8C


X pKa
a


b


R¼H (1) R¼Ph (2)


H 20.7 0.89� 0.10 0.89� 0.12
Cl 18.6 0.71� 0.07 0.79� 0.09
NO2 16.0 0.46� 0.01 0.56� 0.04


a Reference [23].
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Since the reactions produced only elimination products
and exhibited second-order kinetics, all but bimolecular
pathways can be ruled out. In addition, an E1cb
mechanism is negated by the substantial values of b
and jblgj.20–22


This conclusion is supported by the interaction
coefficients. Table 2 shows that the b values for 1
decrease gradually as the leaving groups are made less
basic. The result can be described by a positive pxy
interaction coefficient, pxy¼ @b/@pKlg¼ @blg/@pKBH, that
describes the interaction between the base catalyst and the
leaving group.20–22 The observed increase in the jblgj
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Figure 2. Brönsted plots for the ketene-forming elimin-
ations from aryl diphenylacetates [Ph2CHCO2C6H3-2-X-4-
NO2] promoted by R2NH in MeCN at 25.0 8C [X¼H (&),
Cl (*), NO2 (~)].
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values as the catalyst is less basic is another manifestation
of this effect, i.e., pxy¼ @blg/@pKBH> 0. On the More-
O’Ferall–Jencks energy diagram in Fig. 5, a change to a
poorer leaving group will raise the energy of the bottom
edge of the diagram shifting the transition state toward the
product and E1cb intermediate. The transition state will
then move toward the left as depicted by a shift from A to
B on the energy diagram, resulting in an increase in b
(vide supra).20–22 Similarly, a weaker base will raise the
energy of the left side of the energy diagram and shift the
transition state from A to C to increase the extent
of Ca—OAr bond cleavage and jblgj. The positive pxy
coefficients are inconsistent with an E1cb mechanism for
which pxy¼ 0 is expected, but provide additional support
for the concerted E2 mechanism.20–22 Similar interpret-
ation can be put forwarded to the changes in b and jblgj
values with the leaving group and base strength variations
for 2.
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Figure 3. Plots of log k2 versus pKlg values for the ketene-
forming eliminations from aryl phenylacetates [PhCH2CO2


C6H3-2-X-4-NO2] promoted by R2NH in MeCN at 25.0 8C
[R2NH¼morpholine (&), tetrahydroisoquinoline (*), piper-
idine (~), pyrrolidine (!)].
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Figure 5. Reaction coordinate diagram for the ketene-
forming elimination. The effect of the change to a poorer
leaving group and a weaker base are shown by the shift of
the transition state from A to B and A to C, respectively.
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Figure 4. Plots of log k2 versus pKlg values for the ketene-
forming eliminations from aryl diphenylacetates [Ph2CHCO2


C6H3-2-X-4-NO2] promoted by R2NH in MeCN at 25.0 8C
[R2NH¼morpholine (&), tetrahydroisoquinoline (*), piper-
idine (~), pyrrolidine (!)].
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Effects of base-solvent and b-phenyl group on
the ketene-forming transition state


For R2NH-promoted eliminations from 1, the rate
increased slightly and the values of b and jblgj remained
nearly the same within experimental error as the base-

Table 4. Effect of base-solvent and b-R group on the ketene-fo


Base-solvent


R¼H (1)


MeCN(aq)a,b MeCN


Relative ratee 1.0 1.6
b 0.78� 0.04 0.89� 0
blg


e �0.40� 0.03 �0.54�
a, R2NH/R2NHþ


2 in 70 mol% MeCN(aq).
b Reference [16].
c, R2NH in MeCN(aq).
d This work.
e R2NH¼ piperidine.


Table 3. Brönsted blg values for ketene-forming elimin-
ations from PhCH(R)CO2C6H3-2-X-4-NO promoted by
R2NH in MeCN at 25.0 8C


Base pKa
a


blg


R¼H (1) R¼Ph (2)


Morpholine 16.6 �0.68� 0.09 �0.76� 0.04
THIQb 17.1 �0.64� 0.08 �0.71� 0.03
Piperidine 18.9 �0.54� 0.09 �0.65� 0.05
Pyrrolidine 19.6 �0.37� 0.10 �0.51� 0.07


a References [23 and 24].
b Tetrahydroisoquinoline.


Copyright # 2007 John Wiley & Sons, Ltd.

solvent system was changed from R2NH/R2NHþ
2 –


70 mol% MeCN(aq) to R2NH-MeCN (Table 4). A similar
result was observed for 2 except that the extent of proton
transfer was slightly increased. The slight increase in rate
can be attributed to the enhanced basicity in more
hydrophobic MeCN. On the other hand, the similar values
of b and jblgj indicate the relatively insensitivity of the
ketene-forming transition state to the base-solvent
variation. Because the developing negative density at
the b-carbon can be stabilized either by the b-Ph group (in
MeCN) or by the oxygen atoms of carbonyl and leaving
group [in 70 mol% MeCN(aq)] (vide infra), the anion-
solvating ability of the solvent appears to be less
important.

rming eliminations from PhCH(R)CO2C6H5-4-NO at 25.0 8C


R¼Ph (2)


c,d MeCN(aq)a,b MeCNc,d


1.0 3.6
.10 0.67� 0.03 0.89� 0.12
0.09 �0.57� 0.04 �0.65� 0.05
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When the b-R group was changed from H to Ph
for R2NH-promoted eliminations from 1 and 2 in MeCN,
b and jblgj values remained nearly the same, although the
rate was retarded by the Ph-group probably because of
the steric effect. Here again, the relative insensitivity of
the ketene-forming transition state to the b-R group
variation is noted. On the other hand, when the same
reactions were carried out in R2NH/R2NHþ


2 –70 mol%
MeCN(aq), the extent of proton transfer decreased and
the degree of Ca—OAr bond cleavage increased by the
same variation of the b-R group. The difference between
the b-R group effects in the two base-solvent systems can
be attributed to the anion-solvating ability of the solvent.
In 70 mol% MeCN(aq), where the developing negative
charge on the leaving group oxygen atom can be
stabilized by forming a stronger hydrogen bonding with
water and R2NHþ


2 , a significant amount of charge density
could be transferred toward the Cb —Ca bond to enhance
the double bond character and increase the charge density
on the leaving group oxygen atom. The transition state
would then be more symmetrical with similar extents
of Cb —H and Ca—OAr bond cleavage and more double
bond character. In MeCN, however, the charge density at
the b-carbon may be stabilized by the b-Ph group rather
than to transfer toward the Cb —Ca bond to form the
partial double bond because the leaving group oxygen
atom cannot be stabilized by hydrogen bonding. This
would predict that the transition state structure would not
be significantly altered and the extents of Cb—H
and Ca—OAr bond cleavage would remain nearly the
same.


In conclusion, we have studied the ketene-forming
elimination reactions from 1 and 2 promoted by R2NH in
MeCN. The reactions proceed by the E2 mechanism via
the E2-central transition state. Noteworthy is the relative
insensitivity of the transition state to the base-solvent and
b-R group variation.

EXPERIMENTAL


Materials


Aryl phenylacetates 1 and 2 were available from previous
studies.16 Reagent grade acetonitrile and secondary
amines were fractionally distilled from CaH2. The
solutions of R2NH in MeCN were prepared by
dissolving R2NH in MeCN.

Kinetic studies


Reactions of 1 and 2 with R2NH in MeCN were followed
by monitoring the increase in the absorbance of the
aryloxides at 428–430 nm with a UV–Vis spectropho-
tometer as described.14,16,19

Copyright # 2007 John Wiley & Sons, Ltd.

Product studies


The product of the reaction between 2a and piperidine in
MeCN was identified as described.14 From this reaction,
3,3-diphenylpropionic acid piperidylamide (3) was
obtained in 89% yield. For all reactions, the yields of
aryloxides as determined by comparing the absorbance of
the infinity absorbance of the samples from the kinetic
studies with those of the authentic aryloxides were in the
range of 96–99%.


Control experiments. The stabilities of 1 and 2 were
determined as reported.14,16,19 Solutions of aryl pheny-
lacetates 1a, 1b, 2a, and 2b were stable for at least 2
weeks in MeCN solution at room temperature. However,
the solutions of 1c and 2c were stable for only 6 days.
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ABSTRACT: The study of an isomeric A/B mixture of the title oxime 1, by photolytic or thermal E,Z-isomerization
and NMR measurement including 1H{1H}-NOE difference spectra, led to assignment of the E configuration to its
predominating form A. The 1H/13C data were interpreted in terms of steric overcrowding of both forms, especially of
the thermolabile photoproduct B. Four classical (empirical) NMR methods of elucidating the oxime geometry were
critically tested on these results. Unexpected vapor-phase photoconversion A!B in the window glass-filtered solar
UVand spectroscopic findings on their protonated states were discussed, as well. The kinetically controlled formation
of the N-protonated species (Z)-5þ was proved experimentally. In addition, some 1H NMR assignments reported for
structurally similar systems were rationalized (3 and 4) or revised (1 and 7–9) with the GIAO-DFT(B3LYP) and/or
GIAO-HF calculational results. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894–3230/suppmat/


KEYWORDS: gas-phase photoreactions; E/Z-isomerization; solar UV; protonated oximes; solvent effects; nuclear


Overhauser effect; LIS analysis; GIAO method


INTRODUCTION


The NMR spectroscopy is an extremely powerful tool for
studying organic species. It enables an elucidation of the
structure and conformational preferences of such objects.
However, some problems can be occasionally encoun-
tered during the subtle spectroscopic effects interpret-
ations, especially when only a single approach is applied.


In our studies on sterically crowded rings, oxime 1 was
prepared following the literature procedure.1 After
vacuum sublimation in a Pyrex vessel exposed acciden-
tally to solar rays, the product appeared to be a mixture of
two isomers (major A: minor B� 85:15), in contrast to
data reported by Latovskaya et al. 1 According to these
authors only one form of 1 (henceforth abbreviated as A)
was formed under such conditions (except for a Pyrex/
sunlight coincidence), to which the Z configuration2 was
assigned,1,3 based on the 1H NMR results obtained with
Eu(dpm)3 as a lanthanide shift reagent (LSR).


To species A of mp ca. 398K,1,4 the only one form of 1
described until now, the E geometry was assigned earlier4b


from the outcome of its reaction with concentrated sulfuric
acid; the normal Beckmann rearrangement was assumed.
However 1, as derivative of an a-alkoxy imine, undergoes5


heterolytic fragmentation5,6 under such conditions and no
structural information is available. On contrary, analysis of
steric interactions between oximino (hydroxyimino) and
gem-diCH3 fragments in both isomers allowed to anticip-
ate that the more stable form A has the E geometry.


The rearrangements in oxime systems are known as
their unstable forms undergo usually conversion into
stable counterparts (Z-to-E isomerism) thermally, by a
prolonged exposure to daylight or chemically, for
example, with use of protic acids. By contrast, a higher
energy (shorter wavelength) UV irradiation through
quartz and/or special filters must be applied for reverse
processes conducted as major reactions (or beside the
competing photo-Beckmann rearrangement) in non-polar
media, usually deoxygenated just before use.7 Recently,
the solid-state photoisomerization was detected even for
molecules trapped in low-temperature matrices and a
reversible photoproduct formation was found leading to
an achievement of the photostationary state (PSS).8 By
changing the wavelength of UV irradiation, l> 295 nm
vs l> 335 nm, the equilibrium composition could be
altered,9 in line with the above generalities. Dependence
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of the PSS mixtures on UV wavelength (l254 vs 366 nm)
was found also for conjugated ketoximes (accompanied
by the solvent effect)10 and used for preparative
photoreactions.7c,11


O


N


(Z)-1(E)-1


O


N


HO


OH


O


O


2


Therefore, an assignment1,3 of Z geometry toA seemed
to be incorrect, and we decided to re-establish its
structure. This work presents results from isomerization
and NMR studies on both isomers of 1 in the mixture,
which led unequivocally to the E configuration for A.
Having a well-known A/B mixture in hand, enabled us to
test additionally the reliability and present-time useful-
ness of some classical NMR spectra-based methods12 of
empirical nature as tools for elucidating the oximino
geometry in oximes. Among these results, a spectro-
scopically proved formation of the N-protonated states
(Z)-1 under kinetical control conditions is of great
interest, in the light of some recent works on the
Beckmann rearrangement.13 Present experimental find-
ings were fully confirmed by high-level quantum
mechanical calculations of isomer ratios and
1H/13C NMR chemical shifts (using the GIAO method,14


both at the HF and at DFT level of theory). To the best of
our knowledge, this is the first application of such a
comprehensive approach for oximes. The observed
photoisomerization A!B in sun’s rays filtered through
a window glass is also worthy of mention, in view of
reported persistence of unconjugated ketoximes to
Pyrex-filtered UV radiation.7a


RESULTS AND DISCUSSION


Isomerization of oxime 1 and analysis of steric
interactions


Isomeric mixtures of a slightly different composition
(A:B� 85:15; by 1H NMR) from a few sublimations of
the crude product 1 in vacuo, were subjected to thermal
analysis. It was found that B undergoes reisomerization
above its mp1 at ca. 348–354K leading to formation of A
(mp2� 399K).15 Conversion B!A proceeded also in the
presence of catalytic amounts of protic acid. This process
was observed very well in NMR spectra taken in
commercial CDCl3, contaminated usually with traces
of DCl.16 By contrast, the crude 1 contained �99% of A
and its recrystallization led to the stereochemical purity
enhancement.


Above facts indicated that anA/Bmixture richer with a
thermally unstable photoproduct B was formed by


sunlight radiation filtered through the soda-lime/borosi-
licate glasses (photochemical E-to-Z isomerization).
Indeed, it can be supposed that this accidental exposure
to sun’s UV rays was equivalent to 366-nm irradiation
with a high-pressure Hg lamp.17 To the best of our
knowledge, no reports were in the literature on the
photoisomerization of oximes in the gas phase. Instead,
photolysis of the parent ketone 2 at 313 nm, through Pyrex
in methanol or pentane, was interpreted in terms of an
initial Norrish type I cleavage of the more highly
substituted C—C bond adjacent to the C——O group.18


For aliphatic ketimines>C——N�Yone should expect a
predominance of sterically preferred form with Y syn to
the least substituted a-carbon atom, from classical
concept of the great significance of steric bulkiness.12e,19


Moreover, thermal isomerization of oximes fails entirely
to produce detectable amounts of unfavorable forms.12a


Accordingly, all the foregoing rearrangements of 1 can be
rationalized by photolytic A!B and thermal or chemical
B!A processes (Scheme 1). So, we assigned the E
configuration to the more thermochemically stable form
A, in opposition to earlier LSR results.1,3 This proposal
was justified in the further NMR studies.


Spectroscopic investigations


In order to establish independently the geometry of both
isomers 1, their A/B mixture was analyzed by using four
classical NMR techniques of empirical nature (i-iv);12 the
resulting chemical shifts dXs and diagnostic differences
are listed in Tables 1–3.


(i) DMSO solution method. It was originally found
that replacement of syn- and anti-CH3 groups in
acetone oxime by larger alkyls produces in
DMSO-d6 an upfield (low-frequency) and a down-
field shift of diagnostic dH(OH)s, respectively.12a


Shifts of this kind observed for 1 allowed signal
assignment for A and B to species of the geometry E
and Z, respectively. These dH(OH)s were found
insensitive to concentration, most likely due to
strong solvent-solute (as a monomeric entity) inter-
molecular H-bonding.20 As expected, this depen-
dency was found with CCl4 and C6D6 (Table 1).
Similar NMR effects assigned to the tert-butyl hin-
dered formation of the H-bond SþO� � � �HO—N,
were reported previously.21 Substantial difference
dEH(OH)—dZH(OH) of 0.17 ppm for 1 and downfield
shift of both dHs should be also noted, in view of
those found for other ketoximes.12a,22 The latter data
are indicative of the large overcrowding in oximes 1.


(E)-1 (Z)-1
∆ > mp1 or H+ (in solution)


hν (sunlight, gas phase)


Scheme 1. Isomerization of the oxime 1
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(ii) Solvent-induced shift techniques based on the use
of magnetic anisotropy of the >C——N�OH mol-
ecular unit (Dd) and aromatic-solvent induced shift
(ASIS) effects (Dds) in the


1H NMR spectra taken in
CCl4 and C6D6. All differences Dd and Dds for
a-CH2 protons in 1 (Table 2) agree with stereoche-
mical relations established empirically by Karabat-
sos and Taller12b only on an assumption of the E
isomer predominance. However, a syn-anti effects
found for the voluminous gem-diCH3 group in pos-
ition 2 (Dd> 0, Dds> 0) are generally inconsistent
with those reported for simple methyl ketoximes
(Dd� 0,Dds< 0). The latter results strongly suggest
a great influence of steric crowding in both isomers 1
on the oxime-aromatic solvent interactions. Very
similar NMR spectroscopic picture was reported
for aliphatic moieties in two carbocyclic structural
analogues 4 (of unknown geometry) found in a
practically identical molar ratio of 84:16 (in CDCl3)
with DdHs of 0.22 and 0.12 ppm for their CH3 and
OH protons, respectively.23


(iii) Hydrochloric acid vapor method. Since HCl is
known to catalyze isomerization in oximes,6a this


Table 2. Solvent-induced shifts for oximes 1 (E/Z�85:15),
dH, ppm


a


CHn vs OH relation


a-CH2 b-CH3
b


Ddc Dds
d Ddc Dds


d


CCl4 — 0.13 — 0.14 —
C6D6 — 0.26 — 0.21 —
— syn — �0.02 — 0.17
— anti — �0.15 — 0.10


a Based on the data given in Table 1.
b For gem-diCH3 groups in the position 2.
cDd¼ dsyn–danti.
dDds¼ dC6D6–dCCl4.


Table 1. 1H NMR data for 1 in the A/B (E/Z)�85:15 mixture, dH, ppm
a


Entry Solvent


2-C(CH3)2, s 4-CH2, s 5-C(CH3)2, s OH, s


anti (A) syn (B) syn (A) anti (B) syn (A) anti (B) A B


1 DMSO-d6 1.26 1.39 2.59 2.485 1.21 1.21 10.56 10.39
2 CCl4


b 1.34 1.48 2.68 2.55 1.30 1.30 9.48 c,d 9.44c,e


3 CDCl3 1.40 1.55 2.76 2.605 1.34 1.34 9.39 f,g h


4 C6D6 1.44 1.65 2.65 2.39 1.125 1.125 9.64 i,j 9.56 i


5 C6D6 þ 2mL HClaq vapor
k 1.44 1.61 2.65 2.40 f 1.125 1.09 8.94f


6 C6D6 þ 6mL HClaq vapor
l 1.44 1.55 2.64 2.455


m 1.12 1.07 9.29


aAll signal assignments are based on the GIAO B3LYP/6-311þG(2d,p)//B3LYP/6-31G(d,p) results (vide infra). The words syn and anti indicate a spatial
disposition of the particular group with respect to the hydroxyl unit of an oximino group.
b Data reported in Ref. 1 must include an error, because both gem-diCH3 signals of (E)-1 are listed as occurring at d 1.28.
c Signals at 9.23
d and 9.18
e ppm, respectively, for different concentration.
f Broad.
g At 9.28 ppm for pure E.
h Not observed.
i One common very broad resonance signal at 9.60 ppm, under some circumstances.
j At 9.44� 0.10 ppm, for various solutions of the pure form E.
k About 10% of the Z species.
l About 9% of the Z species.
mVery broad.


Table 3. 13C NMR data and shift parameters for the con-
version of 2 to 1 (E/Z�9:1), dC or DdC, ppm


a


(E)-1 (Z)-1 2


C2 80.10 80.21 80.45
C3 168.05 167.30 214.17
C4 39.46 43.86 48.22
C5 79.06 78.80 75.86
2-CH3 30.05 26.39 26.32
5-CH3 29.15 29.15 30.13
Da–syn


b �8.8 �0.2 —
Da–anti


b �0.35 �4.4 —
Da–syn–Da–anti �8.4 4.1 —
da–da


�b,c �8.8 �4.4 —


aSee footnote a in Table 1.
bDa–syn (Da–anti or da–da


�)¼ doxime–dketone.
c For the CH2 carbon nuclei in the position 4.
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approach was applied with caution. Indeed, such a
reaction was really found, however C-H signals due
to both isomers 1 were easily identified in the
1H NMR spectra taken in C6D6 with gradual acid-
ification of the surrounding medium by bubbling
repeatedly the same, but rather little known, amount
of HClaq vapor through the solution (Table 1). In this
technique, the upfield and downfield shifts of a-syn
and a-anti signals occur, respectively,12c,d describ-
ing the time-average environments of the 1H nuclei
in protonated and non-protonated states of the
oxime. Adequate a shifts were found for both forms,
very small for A (�0.007 ppm) and large for B
(þ0.061 ppm) indicating for an equilibrium between
(Z)-1 and related ammonium salt (Z)-5þCl as a main
phenomenon observed. Therefore, it was reasonable
to assume the N-protonation12c,13e,24 of (Z)-1, rea-
lized by a proton attack from the less hindered side
(under kinetical control conditions), as proved
experimentally.25


Substantial, not reported to date, upfield shift of the
signal from remote gem-diCH3 group in the position 5
was also interesting (Table 2), especially from a
viewpoint of the structure of generated Hþ-states. The
initial formation of ammonium ions in a molecular
mechanism postulated for the acid-catalyzed Beckmann
rearrangement of oximes was discussed recently.13 But, a
competitive protonation of an oxygen atom giving rise
to the O-states 6 was also considered,12c,13a-c,e since
protonation occurs without any barrier (according to
reported calculational results).13a Our finding of initial
N-protonation of oxime 1 is in agreement with recent
report by Blasco and co-workers based on the solid-state
NMR data.13f


(iv) Syn-anti effect technique. Generally, 13C NMR
signals of both a-carbons in the system shift upfield
on the oxime formation, with an effect for the a-syn
C atom being considerably greater than for the
a-anti C.12e,f The dCs and shift parameters Da


measured for the A/B mixture and parent ketone 2
are given in Table 3. Differences Da–syn and Da–anti


found for 2!1 indicate the E geometry for A. The


shielding effect of Ca atoms proposed as a diagnostic
tool for the a-diketone monooximes (da–da


�, where
a� stands for the ketone a atom),26 exists also for the
4-CH2 carbon in 1, but to a substantially lesser extent
in relation to that reported for such diketone deriva-
tives. Interestingly, the (Da–syn–Da–anti) difference
for a strongly overcrowded form B is positive
(þ4.1 ppm) and much higher than an unique positive
value of þ1.1 ppm (or even only of þ0.8 ppm)
found for the large collection of ketoximes.12f Thus,
present results fully confirm an earlier assumption
that such differences are steric in origin.12e,f


(v) NOE-based measurements. Finally, modern 1H 1D
nuclear Overhauser enhancement (NOE) difference
NMR spectra27 were acquired for dilute solution of
pure form A of 1 in DMSO-d6 as a solvent of choice
for oximes (in order to obtain the strong/sharp
deuterium lock signal and narrow NOH lines, due
to a sufficiently slow exchange rate of this type of
protons in such hydrogen-bond acceptor med-
ium).27,28 Irradiation of the OH singlet caused a
small enhancement of the a-CH2 signal at
2.59 ppm. In contrast, a reverse experiment (satur-
ation of an a-CH2 transition) revealed a 1.3% NOE
of a nearby gem-diCH3 unit singlet and a 2.1% NOE
of the OH line (at 1.21 and 10.56 ppm, respectively)
indicating a close through-space connection between
all these protons.29 This proved unequivocally the E
geometry of an analyzed form of oxime 1 and
confirmed simultaneously the syn-OH arrangement
assigned to its b-C(CH3)2 protons at 1.21 ppm.


Molecular modeling and Predicting the NMR
Spectra


Overcrowded oximes 1, 3 and 4. Although the HF/
6–31G(d,p) is a standard level for all studies on the NHR
(or OH) group-containing systems or on the hyperconju-
gative stereoelectronic effects,30 we attempted to take
partially an electronic correlation into account. Accord-
ingly, density functional theory (DFT) was used at the
hybrid B3LYP level. In addition, standard Gibbs free-
energy differences, DG-, between both forms of 1 were
predicted in scaled frequency calculations31 giving the
isomer ratios E:Z of 95.1:4.9 and 97.1:2.9 for the basis
sets 6–31G(d,p) and 6–31(þ)G(d,p),32,33 respectively
(Table S2), in comparison with the observed A:B� 85:15
(vide infra). The more extended basis, 6–311þG(2d,p),34


was used in subsequent gauge independent atomic orbital
(GIAO)14 calculations of the chemical shieldings sXs, to
consider properly free electron pairs on heteroatoms. The
NMR data computed in this way fully confirmed the
foregoing E,Z-assignments (see Figure S2 for two
possible assignments of the most diagnostic 13C NMR
signals). To the best of our knowledge, this kind of
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calculations were not carried out before for oximes of
such a molecular size. The antiperiplanar (ap, s-trans)
rotamer about the single bond in the ——N—OHmolecular
unit was always preferentially found for 1 (Figure S1).


The scatter diagram and scaling equation of the type
d
pred
C;H ¼ adobsdC;H þ b evaluated for both forms E and Z of 1 in
CDCl3 are given in Fig. 1.35 In general, theoretical and
real dXs matched very well; r(dC,H)� 0.9998,
r(dC)� 0.9997 and r(dH)� 0.9986, respectively.37 The
strong correlation was found also for dHs measured in
CCl4 and DMSO-d6; r(dH)¼ 1.0000 and r(dH)� 0.9971
for E and Z, respectively, in both solvents. These
statistical results can be regarded as the best proof of
correctness of assignments given above. Moreover, such
an excellent compatibility between NMR data observed
and calculated for single isomers 1 indicates on their high
conformational rigidity and overcrowding preventing an
existence of the H-bonds resulting in their self-
association, that is known to exist among the ‘normal’
(not sterically crowded) oximes.12b


The 0.983-scaled B3LYP/6–31G(d,p) approach38 was
used also for the structurally related oximes 3 and 4
affording DG8


298.15 of 0.18 and 4.01 kJ mol�1 in favor of
(E)-3 and (Z)-4, respectively (Table S2), in excellent
agreement with the 1:1 and 16:84 ratios23 evaluated from
1H NMR spectra of their isomeric mixtures (most likely
equilibrated in CDCl3 solution, vide supra). According to
the GIAO B3LYP/6–311þG(2d,p) results obtained for 4,
these planar molecules ofCs symmetry are responsible for
gem-diCH3 signals at 1.808 and 1.475 ppm, in line with
reported dHs 1.85 and 1.63 ppm; DdHs 0.333 vs 0.22 ppm.
Analogous data DdH(CDCl3) for 1 and di-tert-butyl
ketoxime (DtBK) are 0.241 vs 0.14 ppm and 0.193 vs
0.1639 ppm, respectively (Table S3). Consequently, the
value DdH of 0.18 ppm can by tentatively recognized as


the average E,Z-shielding difference typical of this sort of
oximes due to an oximino group anisotropy, that is,
deshielding of gem-diCH3 protons attributable to the syn
spatial proximity of an oxygen lone-pair electron
density.6b,7b For both ring conformations of 1, this
difference is no doubt modified by the surrounding
medium (especially by an aromatic solvent); the DdH of
0.241 ppm GIAO-predicted vs 0.13–0.21 ppm observed
experimentally in different solvents (Table 1).


An excellent compatibility of a relation dcalcdH vs dobsdH


for 3 and 4 with r(dH) 0.9990 [and for oximes 1, 3 and 4;
r(dH) 0.9991] permitted to predict the 1H NMR data for
2,2,4,4-tetramethyl-cyclopentanone oxime (7),1 that is,
the carbocyclic analogue of oxime 1, only if its E
geometry had previously been supposed (Table S3, Figure
S3).40 As above for (Z)-1, a large dcalcdH vs dobsdH


disagreement was found using the Z geometry assigned
originally.1 On the other hand, a high compatibility of
energetics for 3 and 4 in the gaseous vs liquid phase
suggests that the obtainedA/Bmixture of 1 (E:Z� 85:15)
does not represent the true equilibrium composition,
because only�5% of (Z)-1was computed at both applied
levels of theory (vide supra).


Protonated states of oxime 1. Similar calculational
treatment was used for the N-protonated oximes 5 and
O-protonated states 6 as the other possible Hþ-derivatives
of oxime 1. In addition, the conformational equilibria
must be considered for ammonium cations 5 due to the
rotation around the N(H)—OH bond leading to different
rotameric forms (Figure S4). Corresponding þac and
�ac forms were computed practically equivalent in
energy because of an approximate planarity of these
species. On the other hand, the stability of sp rotamers
was found dependent on the theoretical levels applied. As
to oxonium ions 6, a large elongation of the N—OþH2


bond to 1.640 Å (or even to 1.680 Å) was computed for the
(E)-6 and (Z)-6 isomers, respectively (Figure 2), in
comparison to 1.551 Å found for such a distance in
O-protonated formaldehyde oxime.41 However, these
high energy (in comparison to states 5) structures 6 were
localized as the true potential minima, in spite of
simultaneous shortening of the C——N double bond
[especially large for (Z)-6]. Calculational results for all
the important Hþ-species are listed in Table S4.


Unfortunately, the GIAO dH data showed that the used
free-molecule approximation is rather not adequate for
salt (Z)-5þCl�. In fact, deshielding of all protons was
predicted for its low-energy structures, whereas such a
trend was found only for the CH2 group in (Z)-1 (Table 1,
entries 4–6). However, an observed upfield shift of the
1H NMR signal due to the gem-diCH3 fragment in the
position 5 was reproduced computationally quite well for
the preferred �ac rotamer of (Z)-5þ. Also, expected
differences in dHs arising from the oximino group
anisotropy were predicted correctly for all these Hþ-
species.


δpred = 0.9346 δcalcd- 0.0099
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Figure 1. Scatter plot of a relation dobsdC;H vs dcalcdC;H from the
linear regression analysis of the GIAO/DFT-B3LYP/
6-311þG(2d,p)//B3LYP/6-31G(d,p) results for both isomers
of 1 (results from Tables S1 and S3).
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Possible explanation of failing the LIS method
for oximes 1 and 7–9


As to the failure of Latovskaya et al. 1 in elucidating the
geometry of 1 and structurally related oximes 7–9 by
using LSRs, it did not arise from some imperfections
inherent in the lanthanide-induced shift (LIS) method. It
seems rather that authors adopted too simplified model of
the LSR-substrate (LSR�S) complex, that is, the Ln3þ


cation interacting solely with the nitrogen lone pair.
However, an alternative binding with an oximino oxygen
was found for the other oximes.42 Moreover, the 1H NMR
data were analyzed only. Generally, it is most advisable to
use the 1H and 13C data evaluated simultaneously for the
same solution, in all LIS-based analyses of species with
several Lewis-basic binding sites capable to interact with
the Ln3þ ion.43 Other aspects of the early (often
erroneous) interpretations of such data were reviewed.44


Recently, a novel approach to analyses of this kind was
presented, in which both paramagnetic and diamagnetic
LISs are normalized separately.45


O


N
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O


N
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O
H


22 55


SUMMARY AND CONCLUSIONS


The study of an exocyclic C——N bond configuration in
two stereoisomers of the title compound showed full
agreement between results from experimental (isomer-


ization, NMR) and theoretical (bulk approach) methods;
its predominant more stable form A adopts the E
geometry. The NMR-spectroscopic image rather not
typical of the oximes was found for an A/B mixture,
undoubtedly resulting from high overcrowding of its
components. Indeed, the photoisomer (Z)-1 is one of a
few sterically unfavored ketoximes with an a quaternary
carbon studied to date.


The first two of NMR techniques tested (i-ii, and LIS)
are based on the subtle effects arising from solvent shifts,
specific solvation or LSR�S complex formation. All these
classical methods are reliable, but a good knowledge of
the solute-solvent (or LSR interactions) is necessary for
their application, especially in the case of the labor-
consuming LIS method. But, adequate available datasets
for oximes are not too wide, and serious problems
occasionally may occur for overcrowded systems;
especially this concerns the dH(OH)s for the single
isomers in DMSO-d6. The third method (iii) also works
well but it is limited to the a group 1H signals only.
However, monitoring of the formed Hþ-states of oximes
is of great value. Undoubtedly, the last 13C NMR
technique (iv) is a classical method of choice because
only solutions in CDCl3 are used, but still requires both
isomers to be measured. The later limitation is not valid
for all modern non-empirical (NOE-based) methods.
Among them, the NOE difference spectra proposed firstly
by Heinisch and Holzer27 seem to be the most valuable,
especially recorded for degassed samples in DMSO-d6.


29


Generally, different and simultaneously independent
experimental techniques and/or theoretical approaches
should be applied in all stereochemical studies. In many
cases, however, the most fruitful is parallel use of
adequate computational calculations to model the
structure and to compare statistically its observed vs
calculated physical (especially spectroscopic) image. For
instance, the GIAO / DFT-B3LYP/6–311þG(2d,p)//
B3LYP/6–31G(d,p) method applied here was found to
be sufficient for the oximes. In fact, the use of a
locally-dense (mixed) basis sets approach afforded
similar or even slightly worse results. As an environment
of the CDCl3 molecules does not modify seriously a
solute geometry, the NMR spectra in this solvent are
usually regarded as an useful starting point for any
structural considerations concerning isolated molecules.
Moreover, such a joint approach works also very well
when pertinent physical data is available only for one of
two isomers [see e.g., NMR results for oxime (E)-7], in
contrast to all the classical methods discussed above.


EXPERIMENTAL


General methods


The 1H/13C{1H} NMR spectra were recorded in 5-mm
OD tubes at� 294K on a Varian Gemini 200 BB


Figure 2. 3D views52,53 of the HF/6-31G(d,p)-type geome-
tries of the major E (top) and minor Z (bottom) isomers of the
O-protonated state 6 revealing a large elongation of the
N–OþH2 single bond (see text).
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spectrometer at 199.98/50.29MHz. For solutions in CCl4,
a coaxially situated 1.5-mm ID glass tube filled
with D2O was included to provide the deuterium lock
signal. The 1D homonuclear differential NOE exper-
iments were done for non-degassed solution27 in
DMSO-d6 with the standard pulse sequence noemul, by
using a Bruker AVANCETM DRX 500 spectrometer
operating at 500.13MHz for 1H (Centre of Molecular and
Macromolecular Studies, Polish Academy of Sciences).
Chemical shifts are reported in ppm from TMS as internal
standard; dX 0.00 ppm. All deuterated solvents
(�99.6 atom%D) were applied as received. Spectral-
grade CCl4 was distilled over P4O10 through a Vigreux
column. Other commercial solvents and reagent-grade
chemicals were applied without any further treatment.
Melting points were determined on a Boëtius hot-plate
microscope and are uncorrected.


Synthesis of 2,2,5,5-tetramethyl-dihydro-
furan-3-one oxime (1)


This compound was obtained via the literature pro-
cedure,1 by direct oximation of ketone 246 with a 20%
excess of NH2OH�HCl in refluxing EtOH-pyridine
solution (3:1, v:v) for 3 h. After the normal work-up
and recommended sublimation of the crude product (90%
yield) under reduced pressure (�350K/�80 Pa, all-Pyrex
apparatus, exposure to bright window-glass-filtered solar
rays) the crystalline isomeric mixtures were obtained
[A:B (	E:Z) � 85:15(�1), by 1H NMR] giving
satisfactory analytical data. No significant change in
the composition was found upon several-months stand-
ing.15 Instead, recrystallization of the crude 1 provided its
pure form A (>99.5% of E, by 1H NMR); colorless
crystals, mp 398.7–399.7K (from hexane, heptane or
ethyl acetate), lit.: mp 401,4a 395–396,4b or 398–3991K.
For the NMR data, see Tables 1 and 3.


Molecular modeling and frequency
calculations


Fully-relaxed geometry optimizations of all the mol-
ecules were initially carried out by applying the MMþ
force field47 and/or the PM3 method within
HyperChem.48 Further geometry refinement was done
at the ab initio RHF level with a 6–31G(d,p) basis set
using the Gaussian 98W package49 (with the six Cartesian
components d set used for all the heavy atoms). Final DFT
level in vacuo computations for 1–4 and 7were performed
by the hybrid functional B3LYP method.50 Moreover, a
locally-dense approach32 was used, by an addition of
diffuse orbitals for heteroatoms (Z¼O, N), to construct
the mixed valence bases marked with 6–31(þ)G(d,p),
especially owing to the C——Z bonds and the unshared
lone pairs of electrons.30 Vibrational harmonic wave-


numbers were also calculated31 on these molecular
models, to characterize the localized stationary points as
true global minima on the correlated surfaces (Nimag¼ 0)
and to determine the standard Gibbs free-energies
(Go


298:15, Table S2). Vibrational zero-point energies were
scaled with an uniform factor of 0.98338 to approximately
correct for vibrational anharmonicity, basis set truncation
and partial neglect of electron correlation. On contrary, an
ab initio HF approach was used only for the protonated
states of 1 (Table S4). All the geometrical calculations
and molecular visualizations were carried out with
programs PCMODEL,51 ViewerLite52 and POVRay.53


The Intel 3.2GHz Pentium 4 class PC running under MS
Windows1 XP Professional SP2 was employed.


NMR spectra prediction


The GIAO14 DFT-B3LYP/6–311þG(2d,p) level54


in vacuo calculations of isotropic absolute shieldings
(sXs) for oximes 1–4 and 7 were carried out at the
equilibrium structures B3LYP/6–31G(d,p) [and B3LYP/
6–31(þ)G(d,p), only for 1] with the standard routines in
Gaussian 98W.49 The relative chemical shift of a given
nucleus X in the molecule is defined as dcalcdX [ppm]¼ srefX


� scalcdX . For the 1H and 13C spectra srefX is always equal to
31.8618 and 182.8589 ppm, respectively, as found
analogously on the B3LYP/6–31G(d,p) model of a
dual-reference dX standard (TMS of Td symmetry).
Details of ab initio calculations for the other species are
specified in Table S4. All statistical correlations were
performed by linear regression analysis using the MS
Excel1 97 spreadsheet.


Supplementary information available


Thermal isomerization of 1 and computational results for
1–9 and DtBK including the GIAO-predicted chemical
shifts (Figures S1-S4, Tables S1-S5) (6 pages, PDF). This
supplementary material is available free of charge via the
Internet at http://www.interscience.wiley.com.
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1999; 99: 293–352.


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 422–430


DOI: 10.1002/poc


430 R. B. NAZARSKI








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 138–143
Published online 5 February 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1137

Effects of ortho-substituents in SE1 protonolysis
of phenylmercuric chloride

Yulan Wang,1 Jinli Zhang2 and Yangjie Wu2*


1Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100080, China
2Department of Chemistry, Zhengzhou University, Zhengzhou 450052, China


Received 7 October 2006; accepted 5 November 2006

*Correspondence
University, Zhen
E-mail: wyj@zzu


Copyright # 200

ABSTRACT: The kinetics of the reactions of o-substituted phenylmercuric chlorides, o-RC6H4HgCl (R¼CH3,
H, C2H5O, CH3O, C6H5, F, COOC2H5, Cl, Br, CF3, NO2), with hydrochloric acid in 80% aqueous dioxane in the
presence of NaI were studied. The reactions are of the first order. The rate constant at 408C decreases in the order of
R: CH3>H>C2H5O>CH3O>C6H5>F>COOC2H5>Cl>Br>CF3>NO2. The analysis of effects of those
o-substitutes is carried out through multiple regression of log k/kH with the corresponding inductive substituent
constants sI and the various resonance substituent constants s0R, sR(BA), s


þ
R , s


�
R and sx, and the corresponding


Swain–Lupton field effect constant = and resonance effect constant <. The results showed that o-substituent
intramolecular coordination with the neighbor mercury (field effect) is the main effect in effects of o-substituents
on rate of the SE1 protonolysis. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: kinetics; o-substituted phenylmercuric chlorides; neighbor mercury; SE1 protonolysis

INTRODUCTION


Among the electrophilic substitution reactions investi-
gated with organomercury compounds a larger number
follow the SE2 mechanism.1 Few examples of kinetic
evidence for SE1 reactions exist at present. In general, the
effects of o-substituents on reaction rate, including
electronic inductive, resonance, steric, and field effects,
are more complex than that of p- or m-substituents, hence
the investigations on effects of o-substitutes are rather
few. In recent years, however, the multiple regression on
appropriate parameters becomes possible in isolation of a
blend of o-substituent effects. This approach has been
successful in our earlier research on the effects of
o-substituents in SE2 protonolysis.2 In order to get
revealing information about the effects of o-substituents
in SE1 protonolysis, we have studied the kinetics of the
reactions of o-substituted phenylmercuric chlorides,
o-RC6H4HgCl (R¼H, CH3, CH3O, C2H5O, CF3,
COOC2H5, C6H5, Cl, Br, F, NO2), with hydrochloric
acid in the presence of sodium iodide in 80% aqueous
dioxane.

to: Y. Wu, Department of Chemistry, Zhengzhou
gzhou 450052, China.
.edu.cn
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RESULTS


The observed reactions of o-substituted phenylmercuric
chlorides with HCl in 80% aqueous dioxane catalyzed by
NaI are described by Eqn (1):


o� RC6H4HgClþ HCl


���������������������������������!NaI; 80% aqueous dioxane
o� RC6H5 þ HgCl2; (1)


where R¼H, CH3, CH3O, C2H5O, CF3, COOC2H5, C6H5,
Cl, Br, F, and NO2.


The overall order of reactions equal to one was
found by linear regression of ln C0/(C0�X) versus time t.
The results for the reactions at 408C and the reactions of
o-fluorophenylmercuric chloride at various temperatures
are depicted in Figures 1 and 2, respectively.


The rate constants, k1, were determined graphically
from Eqn (2):


k1 ¼
1


t
ln


C0


C0 � X
(2)


where C0 and X represent the initial and disappeared
concentration of the reactant at the reaction time t,
respectively. The experiments were repeated several
times so that the relative precision, srel, falls in all cases
below 4.5%.
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Figure 1. The reactions of o-XC6H4HgCl with HCl catalyzed
by NaI in 80% aqueous dioxane at 408C


Table 1. Rate constants k1 and thermodynamic parameters
for the NaI-catalyzed reaction of o-R-C6H4HgCl (R¼ F, CF3)
with HCl in 80% aqueous dioxane (molar ratio [ArHgCl]/
[NaI]¼ 1:7; [ArHgCl]¼ [HCl]¼3.875 � 10�3mol L�1)


R T 8C k1 � 105 s�1
srel
(%) E kJmol�1 lnA


DS
6¼
40


Jmol�1 K


F 40.0 5.78 3.8 92.06 25.60 �40.83
45.0 10.00 3.3
50.0 17.00 3.9
55.0 23.67 4.3


CF3 40.0 2.08 4.1 70.30 16.22 �118.80
45.0 3.18 3.1
50.0 4.67 3.8
55.0 7.17 4.2
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According to the Arrhenius equation (Eqn 3):


k ¼ A � e�E=RT (3)


The energies of activation, E, for the protonolysis were
obtained from the linear regression of log k1versus 1/T.
The frequency factor, ln A, was also calculated. The
entropy of activation, DS 6¼, was obtained from Eqn (4):


ln k ¼ ln
RT


Nh


� �
þ DS6¼


R
� DH 6¼


RT
(4)


where DH6¼ ¼E�RT, and other symbols have their usual
significance. The values of k1, E, lnA and DS6¼ for the
reactions of o-RC6H4HgCl (R¼ F, CF3) with HCl at
various temperatures in 80% aqueous dioxane are
given in Table 1, and the values of k1 and their relative
precision, srel, for the reactions of o-RC6H4HgCl
(R¼H, CH3, CH3O, C2H5O, CF3, COOC2H5, C6H5,
Cl, Br, F, NO2) at 40 8C in 80% aqueous dioxane are
summarized in Table 2.

Figure 2. The reactions of o-FC6H4HgCl with HCl
catalyzed by NaI in 80% aqueous dioxane at various
temperatures


Copyright # 2007 John Wiley & Sons, Ltd.

DISCUSSION


Inductive and resonance effects of
o-substituents on the rate of reactions


In general, the main approaches to understanding the
effects of substituents include attempts to specify
quantitatively the polar effect and then to draw inferences
about the contribution of other factors. In recent years, a
more complete analysis through multiple regression on
appropriate parameters has become possible in some
cases. In Table 3, we have summarized the values of log k/
kH at 40 8C in 80% aqueous dioxane together with the
corresponding inductive substituent constants, sI, the
various resonance substituent constants s0R, sR (BA), sþR ,
s�R , sx, the corresponding Swain–Lupton field effect
constant, =, and resonance effect constant, < (Ref. 3, pp.
157–158), to facilitate ready comparison. The regression
of log k/kH with sI and sR shows the dual-parameter
equation (Eqn 5)


log
k


kH
¼ rIsI þ rRsR (5)


fits the reaction series.

Table 2. Rate constants of the reactions of o-RC6H4


HgCl with HCl(NaI) at 40 8C in 80% aqueous dioxane
(molar ratio [ArHgCl]/[NaI]¼1:7; [ArHgCl]¼ [HCl]¼
3.875 � 10�3mol L�1)


R k1 10
5 s�1 srel (%) R k1 10


5 s�1 srel (%)


C2H5O 27.30 2.1 F 5.78 3.8
CH3O 22.20 3.0 Cl 2.74 2.2
CH3 54.78 1.9 Br 2.43 2.5
H 30.05 1.6 CF3 2.08 4.1
C6H5 7.07 4.1 NO2 0.70 1.9
CO2C2H5 4.85 2.3
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Table 3. Rate constants of the reactions of o-RC6H4HgCl with HCl(NaI) at 40 8C in 80% aqueous dioxane and the
corresponding substituent constants3


R log k/kH sI s0R sR (BA) sþR s�R sx = <


C2H5O �0.046 0.61 �1.72
CH3O �0.131 0.26 �0.41 �0.61 �1.02 �0.45 0.44 0.54. �1.68
CH3 0.262 �0.05 �0.10 �0.11 �1.25 �0.11 0.17 �0.01 �0.41
H 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C6H5 �0.628 0.10 �0.11 �0.11 �0.30 �0.04 0.25 �0.37
CO2C2H5 �0.793 0.31 0.15 0.14 0.14 0.34 0.19 0.47 0.67
F �0.715 0.15 �0.34 �0.45 �0.57 �0.45 0.52 0.74 �0.60
Cl �1.043 0.47 �0.21 �0.23 �0.23 �0.35 0.28 0.72 �0.24
Br �1.093 0.45 �0.16 �0.19 �0.19 �0.30 0.72 �0.18
CF3 �1.159 0.41 0.13 0.08 0.08 0.17 0.17 0.64 0.76
NO2 �1.62 0.64 0.19 0.15 0.15 0.46 0.40 1.00 1.00
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In the case of sR¼ s0R, the fitted equation is expressed
as Eqn (6)


log
k


kH
¼ �2:491sI � 0:277s0


R (6)


The equation is significant at a¼ 0.01
(F¼ 16.1687>Fc h5, 4; 0.01i¼ 15.52). The coefficient
of determination R2 and the adjusted coefficient of
determination R2


adj are 0.8821 and 0.7966, respectively.
In the case of sR¼ sR(BA), the fitted equation is


expressed as Eqn (7)


log
k


kH
¼ �2:5205sI � 0:2648sRðBAÞ (7)


The equation is significant at a¼ 0.01 (F¼
16.6851>Fc h5, 4; 0.01i¼ 15.52). The coefficient of
determination R2 and the adjusted coefficient of
determination R2


adj are 0.8266 and 0.8018, respectively.
In the case of sR¼ sþR , the fitted equation is expressed


as Eqn (8)


log
k


kH
¼ �2:5048sI � 0:1419sþ


R (8)


The equation is significant at a¼ 0.01
(F¼ 17.2173>Fc h5, 4; 0.01i¼ 15.52). The coefficient
of determination R2 and the adjusted coefficient of
determination R2


adj are 0.8310 and 0.8069, respectively.

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

In the case of sR¼ sR, the fitted equation is expressed
as Eqn (9)


log
k


kH
¼ �2:4666sI � 0:1762s�


R (9)


The equation is significant at a¼ 0.01 (F¼
16.0548>Fc h5, 4; 0.01i¼ 15.52). The coefficient of
determination R2 and the adjusted coefficient of
determination R2


adj are 0.8210 and 0.7954, respectively.
For the above four equations (Eqns 6–9) the ratios (rR/


rI) of their two regression coefficients are 0.1113, 0.1051,
0.0567, and 0.0714, respectively. This indicates that for
the studied reaction series the inductive effects of the
o-substituents are much more significant than their
resonance effects.


For the dual-parameter equation (Eqn 5), the applica-
bility of four resonance substituent constants, s0R, sR(BA),
sþR , s


�
R , and the model of the Swain–Lupton equation


(Eqn 10), is obvious from Scheme 1.
In Swain–Lupton model, resonance effect is dis-


counted. If rate data for the studied reaction series fitted
Swain–Lupton equation (Eqn 10), the inductive effects of
the o-substituents being dominant would be confirmed.


log
k


kH
¼ f=þ r< (10)


The regression of log k/kH with = and < shows the
Swain–Lupton Eqn (10) fits the reaction series. The fitted

1.
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Scheme 2.
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equation is expressed as Eqn (11)


log
k


kH
¼ �1:3746= � 0:3612< (11)


The equation is significant at a¼ 0.01 (F¼
43.4473>Fc h5, 5; 0.01i¼ 10.97). The coefficient of
determination, R2 and the adjusted coefficient of
determination, R2


adj are 0.9157 and 0.9052, respectively.
The ratios (r/f) of their two regression coefficients are
0.2628.


Among those five dual-parameter equations (Eqns 6–9
and 11), Eqn (11) has the largest coefficient of
determination R2 and adjusted coefficient of determi-
nation R2


adj. The best fit of rate data for the studied reaction
series to the Swain–Lupton parameters further indicates
that the inductive effects of the o-substituents are
dominant.

Field effects of o-substituents on the
rate of reaction


It is known that the inductive parameter, sI, is an
operational measure of the non-resonance effect and is
almost certainly a blend of ‘through-bond’ (true inductive
or electronegative) and ‘through-space’ (field) effects, the
later predominating (Ref. 3, p. 163) The sx scale (Table 3)
differs significantly from the sI scale, the differences
being related to the field effect. To confirm that the field
effects are predominant, it is necessary to fit the logk/kH
data for the reaction series to the dual-parameter equation

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

(Eqn 12).


log
k


kH
¼ rIsI þ rxsx (12)


The regression of log k/kH with sI and sx shows the
dual-parameter Eqn (12) fits the reaction series. The fitted
equation is expressed as Eqn (13)


log
k


kH
¼ �2:5065sI � 0:1032s0


R (13)


The equation is significant at a¼ 0.05 (F¼
14.2882>Fc h4, 3, 0.05i¼ 9.12). The coefficient of
determination R2 and the adjusted coefficient of
determination R2


adj are 0.8511 and 0.8213, respectively.
This significant fit indicates that the field effects of the
o-substituents are indeed predominant.


For the reaction series, the field effects are resulted
from the intramolecular coordination of p- or p-electron
pairs of o-substituents with vacant orbital of neighboring
mercury atoms. This coordination was confirmed by our
early research on the crystal structure, UV and MS
spectra of o-ethoxycarbonyl-phenylmercuric chloride4


(1 in Scheme 2), and was also reported in literature (2, 3 in
Scheme 2).5

Effects of o-substituents on the
rate of SE1 protonolysis


A mechanism (Scheme 3) was proposed for this
monomolecular protonolysis in our earlier report.2

3.
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Effects of solvent, kinetic isotope effect, effects of HCl,
and results of the first order kinetics entirely accord
with the proposed mechanism.6 In accordance with the
proposed mechanism, the slow ionization of the C—Hg
bond of the complex [o-RC6H4HgClI]


� determines the
reaction rate. In this case, there might be many effects of
o-substituents on the ionization of the C—Hg bond,
such as electronic inductive, resonance, steric, and field
effects. However, among them there would exist main
one. The different main effect would cause obviously
quite different results in reaction rate. If electronic
inductive effects (true inductive or electronegative), for
example, were the main effects, the rate of ionization of
the C—Hg bond would be increased by electro-
n-withdrawing substitutes; however, if field effects (the
o-substituent intramolecular coordination with the
neighbor mercury) were the main effects, the rate of
ionization of the C—Hg bond would be decreased by
the substitutes with strong coordination ability because
of the following two obvious reasons. One reason is that
this intramolecular coordination would form a five- or
four-ring containing the C—Hg bond, this formed
ring would make the ionization of the C—Hg
bond more difficult than the open link chain. In
the case of o-ethoxycarbonylphenylmercuric chloride
(1 in Scheme 2), for example, the five-ring formed by
intramolecular coordination make the C—Hg bond length
(2.06 Å) shorter than that (2.16 Å of its covalent bond.4


The other reason is that this intramolecular coordination
would obstruct the coordination of mercury with I�,
decreasing the nucleophilic catalytic action of I� on
increasing the reactivity of the C—Hg bond. This
nucleophilic catalytic action of I� on increasing the
reactivity of the C—Hg bond has been reported and
confirmed in previous papers.2


It is conformed by above analysis through multiple
regression on appropriate parameters that o-substituent
intramolecular coordination with neighbor mercury is the
main effect. From Table 3 it is also obvious that the values
of Swain–Lupton field parameters increase for the
substituents in the order


CH3 < H < C6H5 < COOC2H5 < CH3O < C2H5O


< CF3 < Cl � Br < F < NO2:


The values (Table 2) of the reaction rate constants for
the studied reaction series decreased in the order


CH3 > H > C2H5O > CH3O > C6H5 > F


> COOC2H5 > Cl > Br > CF3 > NO2:


The later series roughly correlates with the former
series on the whole. The other little difference in the two
series could be explained by the proposed mechanism
(Scheme 1). The values of Swain–Lupton field parameters
= of F, Cl, and Br, for example, are very close to each

Copyright # 2007 John Wiley & Sons, Ltd.

other; they are 0.72, 0.72, and 0.74, respectively (see
Table 3). In this case, their inductive effects would
play a role in their reaction rate, hence the values of
their reaction rate constants decreased in the order:
F>Cl>Br. The steric effects of C6H5 on obstructing the
coordination of neighboring position mercury with I�


would be responsible for its little slower rate. In the cases
of COOC2H5 and CF3, the intramolecular coordination
would form a five-ring containing the C—Hg bond. This
formed five-ring is more stable than other four-rings, and
would make the ionization of the C—Hg bond more
difficult. As for the order of C2H5O and CH3O, the larger
ethyl in C2H5O would obstruct the intramolecular
coordination of oxygen with mercury, and as a result,
the rate of o-C2H5OC6H4HgCl is faster than that of
o-CH3OC6H4HgCl.

EXPERIMENTAL SECTION


o-Trifluoromethylphenylmercuric chloride, mp 132.5–
132.7 8C, was prepared from o-trifluoro- methylnitro-
benzene, and o-fluorophenylmercuric chloride, mp
151.5–152 8C, was prepared from o-chloronitrobenze-
ne.7o-Ethoxycarbonylphenylmercuric chloride, mp 150–
151 8C, o-methylphenylmercuric chloride, mp 142–
143 8C, phenylmercuric chloride, mp 258.5 8C, o-met-
hylphenylmercuric chloride, mp 143 8C, o-chlorop-
henylmercuric chloride, mp 149 8C, o-bromo-phenylmer-
curic chloride, mp 158 8C, o- nitrophenylmercuric
chloride, mp 186–187 8C, o-methoxylphenylmercuric
chloride, mp 178 8C, o-ethoxyphenylmercuric chloride,
mp 114–114.5 8C, and o-biphenylmercuric chloride, mp
167–168 8C were prepared and purified using the
literature procedure.8 Sodium iodide was purchased
and purified by being recrystallized from distilled water
and dewatered at 160 8C for 24 h. Hydrochloric acid,
special pure grade, was used directly as obtained.
Dioxane, analytically pure, was purchased and purified
by hydrochloric acid, potassium hydrate, then distilled
from sodium, bp. 100–100.8 8C, n25D 1.4200. Methods of
kinetic measurements are the same as that shown in our
earlier paper.2
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ion affinities (MIAs) of the binding configurations of Be2þ, Mg2þ


hybrid Density Functional Theory (DFT-B3LYP) and second order
Møllet�Plesset perturbation theory (MP2) methods. Be2þ was found to bind preferentially in a charge transfer type
arrangement through the carbonyl oxygen (—C——O) and the lone pair of the imino-group nitrogen atom (—NH—).
On the contrary Mg2þ and Ca2þ were found to prefer binding in a bi-dentate manner through the carboxylate group of
L-proline (OCO) in a zwitterion form. The main types of interactions found to influence the binding preference of M2þ


ions to L-proline were (i) charge transfer in the case of Be2þ ions and (ii) electrostatic interactions in the case of Mg2þ


and Ca2þ ions. Inspection of the IR stretching of the N—H and the O—H groups of L-proline with M2þ ions in a
chelating configuration (to both O and N atoms) indicated a considerable shift to higher frequency with decreasing
MIA. On the other hand, the MIA for the zwitterion L-proline with M2þ tracks the reciprocal distance of
the M2þ—OCO bond further confirming that the nature of the bond is mainly electrostatic. Comparison with other
molecules containing the carboxylic function is also included in order to gain more insight on the types of interaction
of this amino acid with metal ions in general. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/

KEYWORDS: L-proline; metal ion affinity (MIF); free energy (DG); zwitterion structure; Ca2þ; Mg2þ; Be2þ; infrared


frequency; natural charge; DFT B3LYP; MP2

INTRODUCTION


The study of the interaction of biological molecules with
metal ions is of importance as it supplies a simple model
system to help in the understanding of basic chemical and
physical properties in wide areas extending from bio-
chemical reactions,1–4 biomedical implants5 sensors,
catalysis and evolution theories.6 Group 2 metal ions
(Be2þ, Mg2þand Ca2þ) are of particular interest as they
play important roles within the human body, ranging from
the role in enzymatic activity and stabilising biological
membranes (Mg2þ), their use in helping of blood clot
formation, muscle contraction and growth (Ca2þ) and
their role in fixing proteins into particular conformers.4 Of
particular interest is how group 2 ions interact with the
amino acid L-proline. L-Proline has many functions within
the human body. First, it is a constituent of collagen (I): a
major high tensile structural protein found in bone, teeth
and cartilage.5 Second, proline itself plays an important

to: H. Idriss, Department of Chemistry, The Uni-
nd, Private Bag 92019, Auckland, New Zealand.
auckland ac.nz
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role in enzymes and peptide hormones.7 Third, the amine
group of L-proline is contained within the pyrrolidene ring
hence making conformation more rigid when compared
to other amino acids. This rigidity makes L-proline an
important residue in the specific function of b and g turns
in polypeptide chains.8


L-Proline has been studied experimentally through
X-ray crystallography,9 laser-ablation coupled with Fourier-
Transform microwave spectroscopy10 and nuclear mag-
netic resonance spectroscopy11 to elucidate structural
information on both the neutral and zwitterionic forms of
L-proline. Matrix isolation infrared (IR) spectroscopy has
been employed to obtain vibrational frequencies of
neutral L-proline.12 In general, experimental studies
involving amino acids interacting with different metal
ions have proven difficult to perform in particular because
of their low vapour pressure. This has resulted in the
increased use of computational modelling to investigate
these systems. L-Proline has 18 possible stable con-
formers,13 the most stable two are presented in Fig. 1.


Experimental studies to determine the binding energies
of metal–amino acid complexes are performed through
the use of many techniques including mass spectroscopy,
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Figure 1. Structure of L-proline geometry optimised using
DFT B3LYP. This figure is available in colour online at
www.interscience.wiley.com/journal/poc
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IR and kinetic studies to determine either absolute or
relative binding energies.14–16 It is, however, tedious to
obtain information on how the metal ion itself binds to the
amino acid or the types of interactions that are involved in
the bonding process. At present a growing number of
experimental work is devoted to probe the possible
binding mechanism of amino acids to metal ions.17–20


Several computational studies involving both amino acids
and biological molecules attached to a range of metal
ions1,2,21–34 have been performed. Those involving
proline have included metal ions such as Cuþ,1,2


Agþ21–23 and group 1 metals (Liþ, Naþ and Kþ),27


among others.
The interaction of proline with Cuþ was undertaken to


obtain vibrational frequencies and thermodynamic data
on the calculated structures.2 The most stable structures
found were (i) co-ordination of Cuþ through the carbo-
xylate functional (OCO) in a bi-dentate fashion, similar to
a Cu2þ-amino acid adduct and (ii) Cuþ positioning itself
between the N of the �NH group in the pyrrolidine ring
and the O of the carboxyl group, C——O, (charge
solvation); unlike the case of Cu2þ25 and Agþ22 ions.


Studies involving group 1 metal ions (Liþ, Naþ


and Kþ) binding with L-proline have also been
conducted27 using the DFT-B3LYP method. The most
stable configuration was found to involve the Liþ ion
interacting with zwitterionic proline through the carbox-
ylate group in a bi-dentate fashion. This interaction was
found to be strongly ionic in nature as very little charge
transfer occurred between the Liþ and the proline
molecule (natural charge for Liþ¼ 0.956 jej). Similar
results were found when considering the interaction
of Naþ and Kþ with proline. The only difference is in the
nature of the bonding, where it was found that the
interaction was more ionic than Liþ with a natural charge
of 0.970 jej on the Naþ ion and 0.982 jej for Kþ.

Copyright # 2007 John Wiley & Sons, Ltd.

Although these studies give a good insight into how
metal ions interact with amino acids and with particular
emphases on L-proline, there have been no investigations
into how L-proline interacts with divalent cations such
as Mg2þ and Ca2þ. This is of interest as both magnesium
and calcium are present within the body as bone in the
form of calcium carbonate-hydroxyapatite ((Ca, X)10
(PO4HPO4CO3)6(OH,Y)2 where X¼Mg2þ, Naþ, Sr2þ;
Y¼Cl� and F�).35


The effect of alkali earth metal ions (Be2þ, Mg2þ,
Ca2þ, Sr2þ and Ba2þ) on the intramolecular proton
transfer of glycine28 has been studied using the
DFT-B3LYP method. The most stable configurations
for the various metal ion/amino acid complexes are as
follows: For Be2þthe charge solvation arrangement,
where binding occurs between the carbonyl functional
and nitrogen of the imino group, was found to be
energetically the most favourable. With regards
to Mg2þ, Ca2þ, Sr2þ and Ba2þ, binding to glycine in a
bi-dentate manner through the carboxylate oxygen atoms
was preferred. This was attributed to (i) the bi-dentate
binding configuration being the only way to accommo-
date the increasing atomic radius size of M2þ ion and (ii)
electrostatic and polarisation effects of the metal ions
being able to stabilise the zwitterionic form of glycine.


We present in this work a computational study of the
interaction of Be2þ, Mg2þ and Ca2þ with L-proline using
the DFT-B3LYP and MP2 methods to investigate (i)
how M2þ ions bind to L-proline and the nature of the
binding that occurs (i.e. whether the bonding is ionic or
covalent in nature) and (ii) to obtain the metal ion
affinities (MIAs) and corresponding IR frequencies.
Although not of biological significance, Be2þ has been
included to investigate any trends that may occur due to
such factors as increasing ion or electrostatic field size.

COMPUTATIONAL METHODS


While L-proline has 18 possible configurations, only 4 are
present at room temperature.13 Out of these four
configurations, we have restricted the study to only one
configuration of L-proline. The conformer chosen, has the
carboxylate group twisted to allow intramolecular
hydrogen bonding to occur between the hydroxyl proton
and the imino group of the pyrrolidine ring in the pucker
down position. There are two structures with global
minima that lay within a few 10s of a kcalmol�1 in energy
from each others: these are presented in Fig. 1.13,27 All the
work reported here is with the ring puckering down
(Fig. 1b). Also presented in the Fig. 2 basis sets for the
DFT/B3LYP computation using: 6-311þG�� and
6311þþG(2df,2pd). Numerous studies have shown that
6-311þG�� is adequate for organic compounds contain-
ing nitrogen atoms, such as amino acids and their
complexes with monovalent and divalent alkali metal
ions25,27,36–42 and this basis set was the method of choice
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Figure 2. Optimised structures for Mg2þ bound to L-proline at the B3LYP 6-311þG��. (i) Zwitterion adduct, (ii) charge solvated
structure 1 and (iii) charge solvated structure 2; these structures differs little at theMP2 6-311þG�� level, more details are found
in Tables 3 and 4. This figure is available in colour online at www.interscience.wiley.com/journal/poc
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in the work although some of the results are reported with
6-311þþG�� (that adds a diffuse function to the
6-311G��) as well as 6-311þþG(2df,2pd) (that improve
the polarisation of the 6-3111þþG��).43 In general very
small variations in the total energy and negligible
differences in the bond distance and bond angle is
observed. For example, the energy difference of L-proline
when using 6-311þG�� to 6-311þþG(2df,2p) is about
0.02 a.u. for both structures reported in Fig. 1. As
indicated below comparison between structures is done at
the same basis sets. Although many possible modes of
complexation can be studied we have restricted the study
to three as they are the most interesting based on many
previous work as detailed in the introduction section.
These modes are:

(i) S

Copy

alt Bridge (SB) configuration: bi-dentate
co-ordination through a chelating type bonding
arrangement to carboxylate group of zwitterionic
L-proline,

(ii) C

harge solvated 1 (CS1): binding of the metal ion
through both the imino N atom and the oxygen atom
of the hydroxyl group,

(iii) C

harge solvated 2 (CS2): binding of the metal ion
through the imino N atom and the oxygen atom of
the carbonyl group.

The various binding modes investigated for M2þ to
L-proline is presented in Fig. 2, where that of Mg2þ is
given as an example.


Calculations performed in this study used Spartan 04,
Spartan 06 and Gaussian 03 programs.43,44 The equi-
librium geometries and energies of the various metal
ion–proline complexes were calculated first using the
restricted Hartree-Fock method with the 3-21G� basis set.
These geometries were then further refined using the
B3LYP34,35 and/or MP2 methods with the 6-31G��,
6-311þG�� and 6-311þþG�� (for some data in particular
those involved Liþ, Naþ and Kþ ions complexes to
L-proline to compare with previous work27) basis sets to

right # 2007 John Wiley & Sons, Ltd.

investigate the effects of using hydrogen polarisation (��)
and diffuse (þ) basis functions on the various metal
complexes. Most of the work presented here is using the
6-311þG�� and 6-311þþG��. Using the 6-31þG�� with
the MP2 method was found in general inadequate for this
study as the result often deviated from those found using
the 6311þG�� or the 6-311þþG�� basis set. Negligible
structural and energy differences were observed between
these last two basis sets (6-311þG�� and 6-311þþG��) at
both levels of theories. Moreover, it was found that the
DFT B3LYP method gave accurate representation of the
nature of bonding and its energy when compared to other
work on L-proline or monometallic ions and thus it was
preferred than the MP2 method, since the former method
is computationally less demanding. All calculations were
performed without symmetry constraints and then
vibrational frequency calculations were performed to
confirm that all structures had reached a minimum.


Thermodynamic calculations were performed to obtain
enthalpy (H) and Gibbs free energy (G) values for each
individual system at standard conditions (T¼ 298.15K,
1 atmosphere) to determine the MIAs for each individual
system. MIA is considered to be the negative of the
enthalpy (�DH) from the following reaction:


ProþM2þ ! Pro�M2þ


where Pro denotes the amino acid L-proline and M2þ the
alkali earth metal ion under investigation.

RESULTS AND DISCUSSION


Table 1 in supplementary materials (SMT1) presents the
structure parameters for the isomer of L-proline shown in
Fig. 1b using both DFT(B3LYP) and MP2 theories and
comparison with previous work. Good agreement is
particularly noticed between both DFTand MP2 methods
with the 6-311þG�� basis set.
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Table 1. The relative stability for M2þ to L-proline


B3LYP 6-311þG�� DE (kcalmol�1) MP2 6-311þG�� DE (kcalmol�1)


Be2þ


(iii) 0 (iii) 0
(i) 7.63 (7.67) (i) 5.80
(ii) 10.14 (ii) 7.05


Mg2þ


(i) 0 (i) 0
(iii) 10.59 (10.81) (iii) 10.87
(ii) 29.91 (ii) 27.83


Ca2þ


(i) 0 (i) 0
(iii) 17.42 (16.42) (iii) 15.12
(ii) 36.37 (ii) 31.53


The numbers (i) to (iii) are the same as in Figure 2. (i) SB, (ii) CS1, (iii) CS2. Numbers in ( ) are using the 6-311þþG�� basis set.
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M2R to L-proline complexes


The three possible binding configurations considered for
the Be2þ–L-proline complexes, such as those shown in
Fig. 2 forMg2þ have been optimised and were found to be
true minima (i.e. no imaginary vibrational frequencies
were present). From the geometry optimisations at the
B3LYP and MP2 levels, the order of stability for the three
conformers is given in Table 1. Be2þ favours binding to
L-proline in a CS2 arrangement through the carbonyl
oxygen on the carboxylate group and imino N atom on the
pyrrolidine ring independent of the method, basis set used
and ring puckering (SM1). This configuration is preferred
by 7.6 and 5.8 kcalmol�1 at the DFT-B3LYP and MP2
levels (both with 6-311þG�� basis set), respectively
(Table 1). In SM Fig. 1 (SMF1) results for Be2þ in CS2
and SB for the pucker up position are included for
comparison at the DFT/B3LYP and MP2 levels of theory
both with 6-311þG�� basis set.


As with Be2þ, the three initial bonding arrangements
were considered for the attachment of Mg2þ and Ca2þ to
L-proline. However, upon optimisation with the B3LYP
andMP2methods, some clear differences became evident
from comparing the relative stabilities of the different
structures. Both levels of theory (at all investigated basis
sets: 6-31G��, 6-311þG�� and 6311þþG��) predict that
the zwitterionic bonding arrangement (structure (i)) is the
most stable mode of binding for the Mg2þ and Ca2þ ion.
Presented in SMT2 are the structure parameters for the
zwitterion complexes.


The change in relative stability from the CS structure in
the Be2þ–L-proline complex to the zwitterionic structure
for Mg2þ and Ca2þ might be due to at least two possible
reasons (i) as one moves down the alkali earth metal
series, one finds an increase in ionic volume (VBe2þ ¼
7.89 Å3, VMg2þ ¼ 10.51 Å3, VCa2þ ¼ 14.98 Å3, volume
computed using DFT/B3LYP 6-31G��). This makes
incorporating the metal ion between the imine N and
the carboxylate group increasingly difficult as evidence
by the increasing M—O1 distances presented in Table 3,

Copyright # 2007 John Wiley & Sons, Ltd.

and (ii) the preference for the metal ion to adopt a
particular binding arrangement could be based on
whether charge transfer or electrostatic type interaction
is the preferred method of binding. The importance of
these electrostatic and polarisation interactions on the
geometries of metal ion-adducts has been explained in a
previous work involving the co-ordination of Naþ to
various adducts.31


Comparison of the natural charges was used in
conjunction with calculated bond lengths for the binding
configurations of Be2þ, Mg2þ and Ca2þ to L-proline to
determine the nature of the binding occurring in each of
the structures (Table 2). Natural charges were computed
from Natural Atomic Orbital (NAO) populations analysis
(also known as natural population analysis) conducted
within Spartan and Gaussian codes. These analyses are
based on the method reported by Reed et al.45,46 Unlike
Mulliken population analyses where half of the overlap
population is arbitrary assigned to each basis function, the
method of refs. is based on computing for a set of
orthonormal NAOs that are then used to compute for a set
of natural bond orbitals representing the type orbital
(core, bond or lone pair orbital).47 The natural charges on
structure (i) showed that as the Van der Waal’s radius of
the M2þ ion increases, the amount of’ positive charge on
the M2þ ion increases (natural charge zwitterion B3LYP:
6-311þG�� Be2þ¼ 1.75 jej, Mg2þ¼ 1.82 jej and Ca2þ¼
1.87 jej). This increase in the amount of charge on the
M2þ is also accompanied by an increase in the M2þ—O
bond lengths. Thus, with the Mg2þ and Ca2þ ions
retaining more of the charge, this tends to suggest that
their bonding is more electrostatic in nature. This trend is
also visible in structures (ii) and (iii).


From this reasoning, the binding of Be2þ to L-proline
involves higher contribution of charge transfer rather than
electrostatic effects, when compared to Mg2þ to L-proline
and Ca2þ to L-proline. This can be seen in the electrostatic
potential (charges) map (the energy of interaction, ep, of a
unit positive charge at some point in space p with the
nuclei and the electrons of a molecule) of L-proline with
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Table 2. Calculated natural charges and bond lengths for the lowest energy configuration for M2þ to L-proline


Be2þ to L-proline Mg2þ to L-proline Ca2þ to L-proline


Natural
charge


Bond
type


Bond
lengths (Å)


Natural
charge


Bond
type


Bond
lengths (Å)


Natural
charge


Bond
type


Bond
lengths (Å)


Structure (i)
B3LYP 6-31G��


M 1.75 1.79 1.84
O1 �0.85 M–O1 1.57 �0.32 M–O1 2.00 �0.83 M–O1 2.22
O2 �0.81 M–O2 1.56 �0.78 M–O2 1.98 �0.79 M–O2 2.20
N �0.64 �0.64 �0.64


B3LYP 6-311þG��


M 1.75 1.82 (1.83) 1.87
O1 �0.84 M–O1 1.57 �0.84 (0.82) M–O1 2.02 (2.03) �0.84 M–O1 2.23
O2 �0.80 M–O2 1.56 �0.78 (0.77) M–O2 1.99 (2.00) �0.79 M–O2 2.28
N �0.57 �0.57 (0.67) �0.57


MP2 6-311þG��


M 1.72 1.83 1.94
O1 �0.61 M–O1 1.59 �0.63 M–O1 2.03 �0.95 M–O1 2.30
O2 �0.56 M–O2 1.58 �0.56 M–O2 2.01 �0.91 M–O2 2.26
N �0.49 �0.49 �0.60


Structure (iii)
B3LYP 6-31G��


M 1.75 1.81 1.86
O1 �0.56 �0.60 �0.61
O2 �0.88 M–O2 1.502 �0.83 M–O2 1.93 �0.82 M–O2 2.167
N �1.03 M–N 1.626 �0.97 M–N 2.08 �0.88 M–N 2.392


B3LYP 6-311þG��


M 1.76 1.84 1.86
O1 �0.53 �0.57 �0.58
O2 �0.87 M–O2 1.503 �0.82 M–O2 1.94 �0.82 M–O2 2.19
N �0.97 M–N 1.625 �0.88 M–N 2.08 �0.85 M–N 2.42


MP2 6-311þG��


M 1.73 1.85 1.95
O1 �0.41 �0.45 �0.67
O2 �0.60 M–O2 1.52 �0.56 M–O2 1.96 �0.92 M–O2 2.23
N �0.78 M–N 1.64 �0.71 M–N 2.10 �0.89 M–N 2.43


Numbers in ( ) are for glycine–Mg2þ.
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the three ions investigated of Fig. 3; more information on
the electrostatic potential grid method can found in
Reference [43] The figure presents M2þ–L-proline in CS2
and SB configurations as well as the SB configuration for
the Liþ and Naþ ions. Few points can be extracted from
this figure. (i) The electrostatic charges are much
localised in the case of Liþ and Naþ ions. (ii)
while Be2þ ion is smaller than the Liþ ion the charge
is less localised, compare the SB structures for both ions.
This is due in part to a considerable electronic interaction
with the oxygen atoms of the carboxylic group. (iii) The
small size of the Be2þ ion together with its capacity in
accepting electrons from the electronegative atoms (O
and N) has resulted in a stable chelating adduct when
compared to Mg2þ and Ca2þ.


The preference for Be2þ to bind in a charge transfer
type arrangement has been shown previously.48 Stritt-
matter et al. have shown that Be2þ prefers to bind to
glycine in a CS bonding arrangement as there is a large
amount of electron density transfer from the electrons

Copyright # 2007 John Wiley & Sons, Ltd.

lone pair of carbonyl oxygen and the amino nitrogen atom
to the empty Be2þ 2s orbital (16.8 kcalmol�1 greater
when compared to zwitterion bonding arrangement). The
high charge density on Be2þ compared to the other alkali
earth metals enhances the ability of Be2þ to act as a good
electron pair acceptor thus increasing the amount of
charge transfer that can occur and hence stabilising the CS
structure. Similar reasoning has also been purposed to
explain the binding of Cuþ to proline.2


With regards to the binding of the other alkali metal
ions in the series, electrostatic effects are the influential
factor in determining the bonding configuration adopted
by the metal ion.

Metal ion affinity (MIA)


MIAs were calculated for the three considered binding
arrangements of Be2þ, Mg2þ and Ca2þ and are given in
Table 3. As seen from the data there is a significant
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Table 3. Calculated thermodynamic data and metal ion affinities (MIAs) for M2þ to L-proline


Conformer Metal ion affinity (�DH) (kcalmol�1) DH difference (kcalmol�1) DG298 K (kcalmol�1)


Be2þ B3LYP 6-31G��


(iii) 301.44 0 �298.55
(i) 296.07 5.37 �294.11
(ii) 282.68 18.76 �283.48


B3LYP 6-311þG��


(iii) 300.11 0 �290.07
(i) 292.62 7.49 �283.72
(ii) 288.68 11.43 �281.13


B3LYP 6-311þþG��


(iii) 301.52 0 �321.30
(i) 294.48 7.04 �293.63


MP2 6-311þG��


(iii) 290.90 0 �279.62
(i) 285.10 5.80 �274.41
(ii) 283.85 7.05 �277.03


Mg2þ B3LYP 6-31G��


(i) 193.78 0 �186.10
(iii) 182.62 11.16 �175.03
(ii) 160.94 32.84 �154.78


B3LYP 6-311þG��


(i) 186.36 0 �197.24
(iii) 175.77 10.59 �186.79
(ii) 156.45 29.91 �168.88


B3LYP 6-311þþG��


(i) 184.29 (162.69) 0 �207.17 (�155.93)
(iii) 174.49 9.80 �196.63


MP2 6-311þG��


(i) 176.07 0 �166.01
(iii) 165.21 10.86 �155.12
(ii) 148.25 27.82 �139.83


Ca2þ B3LYP 6-31G��


(i) 150.64 0 �143.70
(iii) 133.03 17.61 �126.16
(ii) 111.67 38.97 �106.66


B3LYP 6-311þG��


(i) 141.88 0 �131.74
(iii) 124.46 17.42 �97.24
(ii) 105.51 36.37 �95.75


B3LYP 6-311þþG��


(i) 139.95 0 �163.09
(iii) 123.53 16.42 �146.22


Numbers in ( ) are for glycine–Mg2þ using B3LYP/6311þþG��.
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decrease in the calculated MIA value from Be2þ to Ca2þ.
At present there are no experimental values involving
group 2 metal ions which can be used to compare to the
calculated values presented in this paper. Talley et al.49


have published experimental MIA values for Liþ, Naþ,
K
þ and Csþ bound to various amino acids and their


correspondingmethyl esters. However, no absolute values
were reported. With regards to theoretical studies
performed, Ai et al.28 have reported absolute MIAs for
alkali earth metals bound to glycine in the SB
configuration. With the DFT-B3LYP (and LanI2dz basis
set) method these energies were found as follows: Be2þ¼
259.5 kcalmol�1, Mg2þ¼ 161.6 kcalmol�1 and Ca2þ¼
111.8 kcalmol�1; Fig. 4 compares these figures to those
reported in this work for L-proline. The MIAs are slightly

Copyright # 2007 John Wiley & Sons, Ltd.

higher for the L-proline complexes, the trend is however
very similar. The authors of Reference [28] have studied
the effect of larger basis sets such as 6-311þG� (com-
pared to LanI2dz and 6-31G�) in the case of Be2þ–glycine
and found a decrease of about 15 kcalmol�1. The only
theoretical study for the MIAs of L-proline involved its
complexes with Liþ, Naþ and Kþ ions.27 The same
decreasing trend in MIA values was observed for Liþ


to Kþ as for Be2þ to Ca2þ. However, the MIA values are
much larger in the Be2þ, Mg2þ and Ca2þ L-proline
complexes (Liþ¼ 64.21kcalmol�1, Naþ¼ 47.32kcalmol�1


and Kþ¼ 34.62 kcalmol�1). This large difference inMIA
values can be attributed to the increased charge and
charge density present on the M2þ ions as compared with
the Mþ ions investigated by Marino et al.27 Figure 5
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Figure 3. Potential (charges) map of L-proline �Mþ,2þ for the zwitterion (SB) and charge solvated (CS2) structures. Blue:
positive charges, red: negative charges. This figure is available in colour online at www.interscience.wiley.com/journal/poc
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presents a comparison of the computation results
of M2þ–L-proline from this work to that of L-proline–Mþ


from Reference [27] for two structures: the SB and CS2.
The relative energy (the numbers on the y-axis are those
of the relative interaction energy) of SB over CS2 is
plotted on the y-axis as a function of the reciprocal
distance between the metal ion and one of the oxygen of
the carboxyl group. In the case of CS2 this oxygen is that
of the carbonyl group. In the case of SB, the two oxygen
atoms of the carboxyl group are within few % of similar
distance from the metal ion although for consistency the
O atom in the trans position with respect to the N atom of
the ring is used as the reference, as indicated in the figure.

Figure 4. Comparison between the electronic energy of
glycine and L-proline complexes with Be2þ, Mg2þ


and Ca2þ for the SB structure. This figure is available in
colour online at www.interscience.wiley.com/journal/poc
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From this figure the following observations are noted:

� A

Fig
L-p
dis
an
fro
at

co-relation of the energy with the inverse of distance
suggests electrostatic interaction.

� T

he distance between O and M in ionic bonding should
equal the sum of the ionic radii of O and M.

� E

xtrapolation of the group 1 results from Reference
[27] finds the same x intercept as the group 2 results.

ure 5. Relative energy of zwitterionic over neutral
roline adduct as a function of inverse of metal–oxygen
tance in zwitterionic adduct (1/d) for the Liþ–Kþ


d Be2þ–Ca2þ series. Data for the Liþ–Kþ series are taken
m Reference [27]. This figure is available in colour online
www.interscience.wiley.com/journal/poc
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This suggests that the ionic radii determines which type
of interaction is preferred, and that net charge does not
affect the type of interaction which is preferred, beyond
its influence on the ionic radii.


T

he differing gradient can probably be accounted for
by the differing charge.

Infrared frequencies


IR frequencies were calculated in an attempt to under-
stand the effects of the bonding of M2þ ion to L-proline
and other related structures.


OH and NH IR frequencies. Figure 6 presents the
O—H and N—H IR frequencies for the CS2 complexes
with Be2þ, Mg2þ and Ca2þ ions at the DFT B3LYP level.
The IR frequencies for the isolated L-proline molecule
were determined in two different configurations:

(i) t

u
r
lu
IA


py

he one used for all calculation in this work (Fig. 1)
where the H atom of the O—H group is twisted close
to the N atom of the ring and

(ii) L

-proline where the H atom of the O—H group is
twisted away from the N atom; although this structure
is less stable it is included to make the comparison
with the CS2 structure clearer.

Initially, in free L-proline with a similar configuration
to that found in the CS2 structure (i.e. without the ions)
the stretching of N—H and the O—H bond is found at
3761 and 3554 cm�1, respectively. Upon complexation
with the divalent ions, in the CS2 structure, the N—H
stretching frequency (where the N atom is directly
involved in bonding with the metal ion) decreases
considerably. While the bonding is conducted between
the metal ion and the O atom of the carbonyl, it appears

re 6. Change in the n(N–H) and n(O–H) IR stretching
M2þ–L-proline in SC2 (charge solvated) structure, also
ded is the corresponding metal ion affinity
¼�DH). This figure is available in colour online at


w.interscience.wiley.com/journal/poc
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that the oxygen atom of the hydroxyl group is also
affected by the bonding and as a result the O—H
stretching shifts to lower frequencies in presence of any of
the three ions. The effect on the oxygen atom of the
hydroxyl can also be seen in the natural charge analyses.
Although, the natural charge of the O1 atom of the
hydroxyl, in the case of the CS2 structure iii, increases
slightly from �0.53e for Be2þ to �0.58e Ca2þ at the
B3LYP/6-311þG�� or from�0.41 to�0.67e for the same
ions at the MP2/6-311þG�� (Table 4), the natural charge
on the same oxygen of free L-proline is more negative
(�0.69e). Thus, the decrease in the natural charge of
oxygen indicates further involvement in the bonding, the
extent of which depends on its strength. It is worth noting
that for the free L-proline in its minimum structure, where
bonding between the hydrogen of the hydroxyl group and
the N atom of the ring occurs, the O—H stretching is
considerably low (3425 cm�1). The increase in the
stretching frequencies of the OH and NH groups
from Be2þ to Ca2þ is interpreted as due to weakening
of the bonding between the metal ion and the oxygen
atom of the carbonyl, as illustrated in Fig. 6 by the DH
values, data from Table 3.


Symmetric and asymmetric stretching of the
COOM2R zwitterion complexes. The interaction of
the metal ions with L-proline in the zwitterion structure
offers a rich example for IR studies. Because of the
considerable coupling found in the IR modes, we have
opted to compare the IR frequency of the ions/L-proline to
a number of other structures starting with the simplest
one: M2þ-formate. The results are illustrated in Table 4
although most of the computation work was done using
several basis sets and the one presented here was
determined using the DFT B3LYP (6-311þþG��). The
clearest example of a chelating (O—M2þ—O) type of
interaction can be seen in the case of the formate ion
with Be2þ, Mg2þ and Ca2þ ions. The difference between
the symmetric and asymmetric stretching experimentally
observed for formate metal depends on the binding mode
and the nature of the metal as well as its oxidation state. In
general a separation of 150 cm�1 or less is a clear
indication of a chelating mode50,51 such as in this case.
Coupling with the CH2 bending modes is noticeable in the
case of acetates and becomes important in the case of
propanoates of Be2þ. The MIA (�DH) decreases as
expected from Be2þ to Ca2þ for formate, acetate and
propanoates. DE of HCOO—Mg2þ has been computed
previously using B3LYP/6-31G� equal to�367.1kcalmol�1


and in this work it is found equal to �376.9 kcalmol�1


(B3LYP/6-311þþG��). There is, however, no particular
trend for the MIA between C1 and C3 with one metal
cation represented by Be2þ. A glycinate ion with the
divalent cations was also investigated. The MIA is very
close to that of acetate where the difference of
2.4 kcalmol�1 is seen between acetate-Be2þ and
glycinate-Be2þ. This is understood by the fact that both
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Table 4. Calculated IR frequencies (cm�1) for M2þ bound to carboxylates


Compound Be2þ freq. (cm�1) Mg2þ freq. (cm�1) Ca2þ freq. (cm�1)


Formate (h2 OO)
n C–H 3155 3148 3088
nas COO 1465 1498 1503
ns COO 1365 (D¼ 100) 1351 (D¼ 147) 1364 (D¼ 139)


MIA and (DG) kcalmol�1 478.8 (�470.1) 375.4 (�367.0) 323.9 (�315.8)
Acetate (h2 OO)


nas C–H 3173
ns C–H 3032
nas COO 1507
ns COO 1449
ns COO, CH2 (bend) 1356


MIA and (DG) kcalmol�1 497.5 (�490.8)
Propanoate (h2 OO)


nas CH3 3146, 3140, 3127
ns CH2 3069
ns CH3 3056
nasCOO, CH2(bend) 1406
ns COO, CH2 (bend) 1393


MIA and (DG) kcalmol�1 505.4 (�489.4)
Glycinate (h2 OO)


nas NH2 3663 3650 3610
ns NH2 3567 3558 3528
nas CH2 3063 3078 3092, 2910
ns CH2 3009 3041


Bending NH2 1670 1674 1662
ns COO, nC–C, cis CH2 1457 1451 1496
nas COO, CH2(bend) 1420 1482 1474
ns COO, cis CH2 1352 1326, 1343 1373
n C–N 1178 1172 1101


MIA and (DG)) kcalmol�1 495.9 (�488.0) 413.9 (�408.6) 359.6 (�352.1)


Glycinate ion (h2 OO) Glycine molecule


nas NH2 3499 nas NH2 3618
ns NH2 3417 ns NH2 3542
nas CH2 3057 n OH 3480
ns CH2 3000 nas CH2 3102
Bending NH2 1677 ns CH2 3059
ns COO 1655 n C——O 1842
d-CH2 in plane 1469 Bending NH2 1662
ns COO, C–C, NH2 (bend) 1369 d-CH2 in plane 1464
ns COO 1354 Bending O–H 1441
d-CH2 out of plane 1300 d-CH2 out of plane 1348
n C–N 982 d OH, n C–C, C–O 1207


n C–N 1067
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the CH3 (in the case of acetate) and the NH2 (in the case of
glycinate) are further away from the centre of the bonding
with the metal cation. The N—H stretching is, however,
still affected by the bonding, with weaker bonding
(moving from Be2þ to Ca2þ) resulting in weaker IR
stretching. The effect is mainly noticed in the case
of Ca2þ. Inspection of the geometry of each complex
indicates that the dihedral angle (NCCO) is close to zero
in the case of Be2þ and Mg2þ but considerably distorted
(268) in the case of Ca2þ. As a result one of the H of
the NH2 group is at a distance of 2.6 Å from the carboxyl
oxygen while both hydrogen atoms in the case of Mg2þ


and Be2þ are at a distance of 3.0–3.06 Å. This small
interaction of the oxygen atom of the carboxyl might

Copyright # 2007 John Wiley & Sons, Ltd.

explain the slight weakness in the N—H bond observed in
the case of Ca2þ complex. It is worth comparing these to
the N—H stretch of the glycine molecule and the
glycinate ion in the absence of metal ions. The NH2


stretch of the glycine molecule is found at 3618 cm�1,
lower than that found when the ion is complexed
with Be2þ and Mg2þ while that of glycinate is found at
3499 cm�1 or a red shift of 119 cm�1 from that of the
glycine molecule. The red shift is simply explained by the
considerable bonding between the H of the NH2 group
and the O of the carboxylate ion.


Results of the zwitterionic structures of L-proline
with Be2þ, Mg2þ, Ca2þ, Liþ and Naþ as well as that of
glycine with Mg2þ are presented in Table 5. The N—H
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Table 5. Calculated IR frequencies (cm�1) for M2þ bound to L-proline in a zwitterionic bonding


L-proline–(h2 OO)
(glycine–(h2 OO)) Be2þ Mg2þ Ca2þ Liþ Naþ


nas NH2 3451 3465 (3445) 3475 3492 3498
ns NH2 3398 3395 (3373) 3385 3213 3147
nas CH2 n s CH2 n s CH2 n s CH2 n s CH2 n s CH2


C5 (C2) 3164 3097 3136 (3129) 3097 3164 (3079) 3096 3153 3093 3150 3091
C3 3140 3079 3140 3069 3139 3067 3137 3068 3137 3069
C4 3125 3070 3128 3059 3127 3056 3121 3053 3120 3054
n CH (C2) 3079 3095 3097 3108 3109
d NH2 (d NH3) 1656 1658 (1659) (1654) 1657 1638 1638
ns COO, nC–C, bend CH2,
cis CH2


1515 1456 (1487) (1443) (1381) 1461 1435 1411


nas COO, NH2, CH2(bend) 1447 1536 (1568) 1554 1667 1681
n C–N 1027 1019 (998) 1017 1016 1017
MIA (kcalmol�1) 292.20 184.29 139.95 55.46 42.23


Numbers in ( ) are for glycine–Mg2þ.
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stretch of SB in the case of Liþ and Naþ is almost
identical to that of the free glycine ion, an indication of
the localised point charge created by the Li or Na ions as
presented in Fig. 3 by the electrostatic potential map. The
MIA of Liþ and Naþ with L-proline is very close to that
observed in Reference [27]. It is also worth noting that the
bending mode of the NH2 is consistently different in
the case of the mono-valent cations (1638 cm�1) and in
the case of the divalent cations (1656–1658 cm�1); both
bending modes are lower than that found for the free
glycine ion (1677 cm�1) and glycine molecule
(1662 cm�1).

CONCLUSIONS


Calculations performed using various theoretical methods
and basis sets have revealed that Be2þ has a preference to
bind to L-proline in a CS type manner through the
carbonyl oxygen and imino nitrogen atom. With regards
to the binding of Mg2þ and Ca2þ ions to L-proline, a
bi-dentate (SB) type arrangement is preferred where the
metal ion is stabilised through the carboxylate group of
the L-proline molecule. The main factor of influence in
determining the type of bonding arrangement adopted by
the metal ion is whether charge transfer or electrostatic
effects are the dominate interaction in the bonding
process. This is related to the ionic radius of the metal
ion. Be2þ was found to prefer binding in a charge transfer
type 2 arrangements. This was of preference as the small
ionic radius of Be2þ allows for effective charge transfer of
electron density from the electron pair on the imino N to
the empty 2s orbital on Be2þ. With increasing ionic radius
this process becomes less effective. Thus, electrostatic
effects become more dominate and hence, Mg2þ and
Ca2þ adopting a SB bonding arrangement with L-proline.
Calculated MIAs show a stability order Be2þ>
Mg2þ>Ca2þ. This is consistent across all the theoretical
methods and basis sets used in this investigation and

Copyright # 2007 John Wiley & Sons, Ltd.

follows similar MIA trends for group 2 ions bound to
glycine28 and for group 1 metal ions bound to L-proline.27


Comparison with other complexes was also conducted for
both the ionic and zwitterionic forms. Formates and
glycinates of Be2þ, Mg2þ and Ca2þ also present a
decreasing trend for MIA. Analysis of the calculated IR
frequency for many of the complexes was also conducted.
In the case of the CS2 (chelating) structures the N—H and
O—H stretch decrease when compared to the free
L-proline molecule. The decrease appears proportional to
the MIA.
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ABSTRACT: A new computational procedure for the protonation model building of a multiwavelength and
multivariate spectra treatment is proposed for the special case of small changes in spectra. The absorbance change
Di for the ith spectrum divided with the instrumental standard deviation sinst(A) represents the signal-to-error ratio
SER of the spectra studied. The determination of the number of chemical components in a mixture is the first important
step for further quantitative analysis in all forms of spectral data treatment. Most index-based methods of the factor
analysis can always predict the correct number of components, and even the presence of a minor one, when the SER is
higher than 10. The Wernimont–Kankare procedure in the program INDICES performs reliable determinations of the
instrumental standard deviation of the spectrophotometer used sinst(A), correctly predicts the number of light-
absorbing components present, and also solves ill-defined problems with severe collinearity in spectra or very small
changes in spectra. The mixed dissociation constants of three drugs, haemanthamine, lisuride, and losartan, including
diprotic molecules at ionic strengths of I¼ 0.5 and 0.01 and at 258C were determined using two different multi-
wavelength and multivariate treatments of the spectral data, SPECFIT32 and SQUAD(84) non-linear regression
analyses and INDICES factor analysis, even in the case of small absorbance changes in spectra. The dissociation
constant pKa was estimated by non-linear regression of {pKa, I} data at 258C: for haemanthamine pKa¼ 7.28(1) at
I¼ 0.50, for lisuride pKa¼ 7.86(1) and for losartan pKa,1¼ 3.60(1), pKa,2¼ 4.73(1) at I¼ 0.01. Goodness-of-fit tests
for the various regression diagnostics enabled the reliability of the parameter estimates found to be proven. PALLAS
and MARVIN predict pKa being based on the structural formulae of the drug compounds in agreement with the
experimental value. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: spectrophotometric titration; dissociation constant; protonation; haemanthamine; lisuride; losartane;


SPECFIT; SQUAD; INDICES; PALLAS; MARVIN

INTRODUCTION


Protonation constants, or acid dissociation constants, are
very important both in the analysis of drugs and in
the interpretation of their mechanisms of action, as they
are key parameters for predicting the extent of the
ionization of a drug molecule in solution at different
pHs. Spectrophotometry is a convenient method for
pKa determination in very diluted aqueous solutions
(about 10�5–10�6M), provided that the compound
possesses pH-dependent light absorption due to the
presence of a chromophore in the proximity to the

to: M.Meloun, Department of Analytical Chemistry,
dubice, CZ 532 10 Pardubice, Czech Republic.
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ionization center. In previous work, 1–9 the authors have
shown that the spectrophotometric method can be used in
combination with suitable chemometric tools for the
determination of protonation constants bqr or acid
dissociation constants pKa, even of barely soluble drugs.
Problems arise because of strong overlapping chemical
components involved in the equilibrium or small changes
of spectral responses caused by a drug protonation, and
uncertainties arising from the mathematical algorithms
used to solve such problems. In such cases, much more
information can be extracted if multivariate spectro-
photometric data are analyzed by means of an appropriate
multivariate data analysis method cf. References 10–25.


Much work has been devoted to the development of
methods for the resolution of multicomponent spectra, but
less work has been carried out to reveal the limitations of
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the methods and to estimate the minor components
of the resolved spectra 1. When no noise in spectra exists,
the number of eigenvalues of the covariance matrix
ATA larger than zero is equivalent to the number of
components, r, assuming that the spectra of the com-
ponents in mixture are linearly independent. As all real
data always contains experimental noise, the number of
eigenvalues different from zero is usually larger than the
number of components r. Experimental and/or random
error can mask the identification of the true dimension-
ality of a data set. Chen et al. 26,27 have concluded
that many multivariate statistical methods have been
designed, and have solved certain problems encountered
in spectra sets, when the spectra of components are
similar and changes in absorbance are very small, and
when there exist minor components or when the signal to
noise ratio is low. In any study of this type, the level
of ‘experimental noise’ used will be a critical factor. It
is therefore necessary to have a consistent definition
of the signal-to-noise ratio SNR so that the impact of
this parameter can be critically assessed. Traditional
approaches to SNR are typically based on the ratio of the
maximum signal to maximum noise value. As an
alternative, the concept of instrumental error was again
employed and the signal-to-error ratio SER is defined,
where for an error the instrumental standard deviation of
absorbance, sinst(A), is used. Attention should be paid to a
method’s ability to detect a minor component in the
presence of major ones. The detection limit is equivalent
to the amount of ‘detectable impurity’ or the smallest
relative concentration of the minor component. Approach-
ing the detection limit, no method can accurately determine
the minor component in the mixture. The detection limit
depends on several factors, such as (i) the spectral
similarity of the minor component to the other com-
ponents, (ii) instrumental resolution, (iii) noise level and
noise type, and (iv) the signal-to-noise ratio SNR with
respect to the minor component.


The regression methods include traditional least-
squares curve fitting approaches, based on a previous
postulation of a chemical model, that is, the postulation
of a set of species defined by their stoichiometric co-
efficients and formation constants, which are then refined
by least-squares minimization. These mathematical pro-
cedures require the fulfillment of the mass-balance equa-
tions and themass-action law. Themost relevant algorithms
are SQUAD(84) 14–19 and SPECFIT32 22–24,31.


Recently, haemanthamine, lisuride, and losartan were
studied in our laboratory 7,8, and these three drugs were
taken as examples of acid drugs which exhibit small
changes in spectra.


Haemanthamine belongs to the class of 5,10B-ethano-
phenanthridines. It possesses relatively high antiretro-
viral properties, antiproliferative effects and also has
potent antimalarial properties (against Plasmodium falci-
parum).8 It is also found in the bulbs of Amaryllidaceae
(Clivia species) and Liliaceae (Hippeastrum, Lycoris,

Copyright # 2007 John Wiley & Sons, Ltd.

Narcissus). CAS No.: 466-75-1, summary molecular
formula: C17H19NO4, molecular weight: 301.4, octanol/
water partition coefficient as log Po/w: 1,47–1,56
(calculated); pKa not known. Haemanthamine is of the
structure


Lisuride: The systematic chemical name of lisuride is
3-(9,10-Didehydro-6-methyl-8a-ergolinyl)-1,1-diethylu-
rea 8 and it is of the structure


Recommended INN name: lisuride, CAS Number:
18016-80-3, EINECS: 241-925-1, ACX. 7 Number:
X1063856-3, description: almost white to light yellow
or brownish crystalline powder, molecular formula:
C20H26N4O, molecular weight: 338.5, melting point:
169–1728C, solubility: slightly soluble in methanol,
ethanol, dimethylformamide, dimethylsulfoxide, chloro-
form, and dichloromethane, sparingly soluble in ether and
practically insoluble in water and hexane; pKa is not
known due to insolubility in water.


Losartan is a biphenylimidazole type drug, chemi-
cally 2-Butyl-4-chloro-1-[[20-(1H-tetrazol-5-yl) [[1,10-
biphenyl]-4-yl]methyl]-1H-imidazole-5-methanol, CAS
No. 0114798-26-4, molecular formula C22H23ClN6O,
molecular weight 422.93 7 is of the structure
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It is an AT1 antagonist. Angiotensin II binds to the AT1
receptor found in many tissues (e.g., in the vascular
smooth muscle, adrenal gland, kidneys and heart), and
elicits several important biological actions, including
vasoconstriction and the release of aldosterone. These
effects of angiotensin II lead to elevation of the blood
pressure.

THEORETICAL


Procedure for the determination of the
protonation constants


The protonation equilibria between the anion L (the
charges are omitted for the sake of simplicity) of a drug
and a proton H are considered to form a set of variously
protonated species L, LH, LH2, LH3, . . ., etc., which have
the general formula LqHr in a particular chemical model
and which are represented by nc the number of species, (q,
r)i, i¼ 1, . . ., nc where index i labels their particular
stoicheiometry; the overall protonation (stability) con-
stant of the protonated species, bqr, may then be
expressed as


bqr ¼
½LqHr�


ð½L�q½H�rÞ ¼
c


lqhr


where the free concentration [L]¼ l, [H]¼ h and
[LqHr]¼ c. For dissociation reactions realized at
constant ionic strength the so-called ‘mixed dissociation
constants’ are defined as Ka;j ¼ ½Hj�1L�aHþ=½HjL�. As
each aqueous species is characterized by its own
spectrum, for UV/VIS experiments and the ith solution
measured at the jth wavelength, the Lambert-Beer
law relates the absorbance, Ai,j, being defined as
Ai; j ¼


Pnc
n¼1 "j; ncn ¼


Pnc
n¼1 ð"qr; jbqrl


qhrÞn where eqr, j


is the molar absorptivity of the LqHr species with
the stoichiometric coefficients q, r measured at the
jth wavelength. The absorbance Ai, j is an element of the
absorbance matrixA of size (ns� nw) beingmeasured for ns


solutions with known total concentrations of nz¼ 2 basic
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components, cL and cH, at nw wavelengths. The multi-
component spectra analyzing program SQUAD(84) 16


may adjust bqr and eqr for a given absorption spectra set
by minimizing the residual-square sum function, U,


U ¼
Xn


i¼1


Xm


j¼1


ðAexp; i; j � Acalc; i; jÞ2


¼
Xn


i¼1


Xm


j¼1


ðAexp;i;j �
Xp


k¼1


"j;kckÞ2 ¼ minimum


where Ai, j represents the element of the experimental
absorbance response-surface of size ns� nw (Fig. 1a–c)
and the independent variables ck are the total concen-
trations of the basic components cL and cH being adjusted
in ns solutions. This means that the predicted absorban-
ce-response surface is fitted to given spectral data, with
one dimension representing the dependent variable
(absorbance), and the other two dimensions representing
the independent variables, viz. the total component
concentrations (or pH) of ns solutions, at nw wavelengths.
The best estimates of the protonation constants, bqr, i,
i¼ 1, . . ., p, are adjusted by SQUAD(84) Gauss–Newton
and Newton–Raphson regression algorithms. At the same
time, a matrix of the molar absorptivities (eqr, j,
j¼ 1, . . ., nw)k, k¼ 1, . . ., p, as non-negative real is
estimated, based on the current values of the protonation
constants. For a set of current values of bqr, i, the free
concentrations of ligand l (as h is known from pH
measurement) is calculated for each solution, followed by
the concentrations of all the species in equilibrium
mixture [LqHr]j, j¼ 1, . . ., p, forming for ns solutions of
the matrix C. When the estimated bqr and eqr values for
the assumed chemical model have been refined, the
agreement between the experimental and predicted data
can be examined. The residuals are analyzed to test
whether the refined parameters adequately represent the
data, and should be randomly distributed about the
predicted regression curve. The following statistics are
calculated: the residual mean e the standard deviation of
the residuals s(e), the skewness of the residuals set ĝ1ðeÞ,
and the kurtosis of the residuals set ĝ2ðeÞ. If, after
termination of the minimization process, the condition
s(A)� sinst(A) or s(e)� sinst(A) is met, the hypothesis of
the chemical model is taken as the most probable one and
is accepted.Another popular program is SPECFIT/32,31


based on singular value decomposition and non-linear
regression modeling using the Levenberg–Marquardt
method for the determination of stability constants from
spectrophotometric titration data. The method, referred to
as ‘model-free’, does not require any assumptions as to
the chemistry of the system, other than the number of
active complexes present, nor any assumptions as to the
nature of absorbing complexes, their stoichiometry or a
thermodynamic model. The latest version of SPECFIT/32
31 makes use of a multiwavelength and multivariate
spectra treatment, and enables a global analysis for
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Figure 1. pH-dependence of the 3D-absorbance-surface representing the measured multiwavelength absorption spectra at
258C for (a) haemanthamine, (b) lisuride, (c) losartan, and the 3D-residuals map after non-linear regression performed for (d)
haemanthamine, which exhibits 912 residuals of the residual bias e¼�3.36E-09, close to zero, and the residual standard
deviation s(e)¼0.58mAU, close to the instrumental standard deviation sinst(A)¼0.45mAU; the residual skewness g1(e)¼ 2.16
is not close to zero and indicates an asymmetric distribution of the residuals; the residual kurtosis g2 (e)¼ 10.52 is not close to 3
and indicates a non-Gaussian distribution of the residuals. The accuracy test of the bias proves that the bias is not significantly
different from zero, and 34 outlying residuals were indicated, (e) lisuride exhibits 1440 residuals of e¼3.9E-08 being close to
zero, s(e)¼0.76mAU is higher than sinst(A)¼0.28mAU; and both values g1(e)¼�0.43 and g2(e)¼ 3.82 indicate an asymmetric
distribution of the residuals. The accuracy test of the bias e proves significant bias, and 4 outlying residuals were detected, (f)
losartan exhibits 780 residuals of e¼2.0E-08, close to zero, s(e)¼0.40mAU higher than sinst(A)¼0.13mAU; and g1(e)¼ 0.15
proves symmetric distribution while g2(e)¼ 5.00 indicates a non-Gaussian distribution of the residuals. The accuracy test of the
bias proves insignificant bias and 18 outlying residuals; (S-Plus)
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equilibrium and kinetic systems with singular value
decomposition and non-linear least-squares regression
modeling using the Levenberg–Marquardt method. This
method has proven to be superior in discriminating
between chemical models. The experimental and com-
putational schemes for the determination of the proto-
nation constants in a multicomponent system for data
exhibiting small changes in spectra are taken from
Meloun et al.,11,30 and the details for the computer data
treatment are collected in the Supporting Information.


Throughout this paper, it is assumed that the ns� nw


absorbance data matrix A¼ e C containing the ns


recorded spectra as rows can be written as the product
of the nw� p matrix of molar absorptivities e and the
p� ns concentration matrix C. Here, p is the number of
components that absorb in the chosen spectral range. The
rank of the matrix A is obtained from the equation
rank(A)¼min [rank(e), rank(C)]�min (nw, p, ns). Since
the rank of A is equal to the rank of e or C, whichever is
the smaller, and since rank(e)� p and rank(C)� p, then
provided that nw and ns are equal to or greater than p, it is
only necessary to determine the rank of matrixA, which is
equivalent to the number of dominant light-absorbing
components.1,11,20,28 All spectra evaluations may be
performed with the INDICES algorithm 1,28 in the S-Plus
programming environment 29. Most index methods are
functions of the number of principal components PC(k)’s,
into which the spectral data are usually plotted against an

Copyright # 2007 John Wiley & Sons, Ltd.

integer index k, PC(k)¼ f(k), and when the PC(k) reaches
the value of the instrumental error of the spectro-
photometer used, sinst(A), the corresponding index k�


represents the number of light-absorbing components in
the mixture, p ¼ k�. In a scree plot the value of PC(k)
decreases steeply with increasing PCs as long as the
PCs are significant. When k is exhausted the indices
fall off, some even displaying a minimum. At this point
p ¼ k� for all indices. The index values at this point can
be predicted from the properties of the noise, which may
be used as a criterion to determine p.1,28

Computational schema for protonation
model building with SPECFIT32


An experimental and computational scheme for the
protonation model building of a multi-component and
multiwavelength system was proposed by Meloun et al.
cf. page 226 in Reference11 or References16,30 and is here
revised with regard to the SPECFIT/32 and INDICES
applications for a case of data exhibiting small changes in
spectra:

(1) I

nstrumental error of absorbance measurements, sinst
(A): The INDICES algorithm cf. References1,28


should be used to evaluate sinst(A). Cattel’s scree plot
of sk(A)¼ f(k) of the Wernimont–Kankare procedure
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consists of two straight lines intersecting at {s�k(A);
k�} where k� is the matrix rank for the system and the
instrumental error of the spectrophotometer used,
sinst(A)¼ s�1(A) reaching a value of 0.25mAU in range
225–360 nm for the Cintra 40 (GBC, Australia)
spectrophotometer employed. This value can be used
for a prediction of the signal-to-error ratio SER for
experimental data. It was proven that the indices are
able to accurately predict the correct number of com-
ponents that contribute to a set of absorption spectra
for data sets even exhibiting small changes in spectra
but with an SER of equal to or higher than 10.

(2) E

xperimental design: Simultaneous monitoring of
absorbance spectra and pH during titrations is used
in a titration where the total concentration of one of
the components changes incrementally over a rela-
tively wide range, but the total concentrations of the
other components change only by dilution. It is best
to use wavelengths at which the molar absorptivities
of the species differ greatly, or a large number of
wavelengths spaced at equal intervals.

(3) N

umber of light-absorbing species: A qualitative
interpretation of the spectra aims to evaluate the
quality of the dataset and remove spurious data,
and to estimate the minimum number of factors, that
is, contributing aqueous species, necessary to
describe the experimental data. The INDICES1,28


determine the number of dominant species present
in the equilibrium mixture. It has been proven1 that
the Wernimont–Kankare procedure is a reliable
method for determination of the instrumental stan-
dard deviation of the spectrophotometer used sinst(A),
as it is stable in many situations and can correctly
predict a minor component in a mixture even if its
relative concentration is about 0.5–1% relative to the
remaining components. This method can detect
minor components and solve an ill-defined problem
with severe collinearity in spectra, and predicts the
correct number of components for data sets with a
signal-to-error ratio SER of equal to or higher than 10.
For the signal value S in a numerator of the ratio S/E,
the absorbance difference for the jth-wavelength at
the ith-spectrum Dij¼Aij–Ai, acid can be used, where
Ai, acid is the limiting spectrum of acid form of drug
measured. This absorbance change Dij is then divided
with the instrumental standard deviation sinst(A) and
the resulting ratio D/sinst(A) here represents the sig-
nal-to-error ratio SER of the spectra studied. This
SER ratio is examined for all absorbance matrix
elements in the whole range of wavelength l and
is compared with the limiting SER value. It has been
proven that when the ratio D/sinst(A) is equal to or
higher than 10, the factor analysis is able to predict
the correct number of components in the equilibrium
mixture.

(4) C

hoice of computational strategy of regression pro-
cess: The input data should specify whether bqr or log

yright # 2007 John Wiley & Sons, Ltd.

bqr values are to be refined with an application of two
procedures of non-linear regression, and whether
multiple regression (MR) or non-negative linear
least-squares (NNLS) are desired. It should be indi-
cated whether the protonation constants are to be
refined or held constant, and whether molar absorp-
tivities are to be refined.

(5) T

he initial estimates of predicted parameter bqr from
the molecular structure: It is wise before starting a
regression to analyze the actual experimental data,
to search for scientific library sources to obtain a
good default for the number of ionizing groups and
numerical values for the initial guess as to the
relevant protonation constants and the probable spec-
tral traces of all the expected components. Some
programs, PALLAS 32 and MARVIN 33, provide a
collection of powerful tools for making a prediction
of the pKa values of any organic compound on the
basis of the 3D-structural formulae of the com-
pounds.

(6) D

iagnostic criteria indicating a chemical model:
When the minimization process of a regression spec-
tra analysis terminates, some diagnostic criteria are
examined to determine whether the results should be
accepted34:


1st diagnostic – the physical meaning of the para-
metric estimates: The physical meaning of the
protonation constants, associated molar absorptiv-
ities, and stoichiometric indices is examined: bqr


and eqr should be neither too high nor too low, and
eqr should not be negative. The empirical rule that
is often used is that a parameter is considered to be
significant when the relation s(bj)�Fs<bj is met
and where Fs is equal to 3 at a 99.9% statistical
probability level.
2nd diagnostic – the physical meaning of the
species concentrations: There are some physical
constraints which are generally applied to concen-
trations of species and their molar absorptivities:
concentrations and molar absorptivities must be
positive numbers. Moreover, the calculated distri-
bution of the free concentrations of the basic
components and the variously protonated species
of the chemical model should show realistic mola-
rities, that is, down to about 10�8M.
3rd diagnostic – parametric correlation coeffi-
cients: Partial correlation coefficients, rij, indicate
the interdependence of two parameters, that is, the
stability constants bi and bj, when others are fixed
in value.
4th diagnostic – goodness-of-fit test: To identify
the ‘best’ or true chemical model when several
are possible or proposed, and to establish whether
the chemical model represents the data adequately,
the residuals e should be carefully analyzed.
The goodness-of-fit achieved is easily seen by
examination of the differences between the exper-
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imental and calculated values of absorbance,
ei¼Aexp, i, j–Acalc, i, j. One of the most important
statistics calculated is the standard deviation of the
absorbance, s(A), calculated at the termination of
the minimization process as sðAÞ ¼


ffiffiffiffiffiffiffiffiffi
Umin


p
=df


where Umin stands for the residuals-square-sum
function in minimum and df is the degree of free-
dom. This is usually compared with the standard
deviation of absorbance calculated by the
INDICES program 1,28 sk(A) and the instrumental
error of the spectrophotometer used sinst(A): if it is
valid that s(A)� sk(A), or s(A)� sinst(A), then the fit
is considered to be statistically acceptable. Some
realistic empirical limits are employed: for
example, when sinst(A)� s(A)� 0.002, the good-
ness-of-fit is still taken as acceptable, while
s(A)> 0.005 indicates that a good fit has not been
obtained. Alternatively, the statistical measures of
residuals e can be calculated to examine the fol-
lowing criteria: the residual bias e should be a
value close to zero; the residual standard deviation
s(e) being equal to the absorbance standard devi-
ation, s(A) should be close to the instrumental
standard deviation sinst(A); the residual skewness
g1(e) should be close to zero for a symmetric
distribution of residuals; the residual kurtosis
g2(e) should be close to 3 for a Gaussian distri-
bution of residuals.

rig

The details for the computer data treatment are
provided in the Supporting Information.

EXPERIMENTAL


Chemicals and solutions


The haemanthamine and lisuride were the kind gifts of
IVAX Pharmaceuticals s.r.o., Czech Republic. The
haemanthamine 100.0% (HPLC) was calculated as an
area ratio with the use of the internal standard method.
The lisuride, batch No. SC041200/4, was of assay 99.9%
(HPLC) calculated as an area ratio using the internal
standard method. Losartan potassium was purchased
from SMS Pharmaceuticals s.r.o., India, with a purity
of 99.7%. Perchloric acid, 1M, was prepared from
conc. HClO4 (p.a., Lachema Brno) using redistilled water
and standardized against HgO and NaI with a reprodu-
cibility of less than 0.20%. Sodium hydroxide, 1M,
was prepared from pellets (p.a., Aldrich Chemical Com-
pany) with carbondioxide-free redistilled water, and
standardized against a solution of potassium hydrogen-
phthalate using the Gran Method with a reproducibility of
0.1%. The preparation of the other solutions from
analytical reagent-grade chemicals has been described
previously.30

ht # 2007 John Wiley & Sons, Ltd.

Apparatus and pH-spectrophotometric
titration procedure


The apparatus and the pH-spectrophotometric titration
procedure used have been described previously.30

Software used


Computations relating to the determination of dis-
sociation constants were performed by regression
analysis of the UV/VIS spectra using the SQUAD(84)16


and SPECFIT/3231 programs. Most of the graphs were
plotted using ORIGIN 7.536 and S-Plus.29 A qualitative
interpretation of the spectra with the use of the INDICES
program28 aims to evaluate the quality of the dataset and
remove spurious data, and to estimate the minimum
number of factors, that is, contributing aqueous species,
necessary to describe the experimental data, as well as
determining the number of dominant species present in
the equilibrium mixture. pKa are predicted using version
of the PALLAS32 and MARVIN33 programs from 2004
and 2007.

Supporting information available


Complete experimental and computational procedures,
input data specimens, and corresponding output in
numerical and graphical form for the programs,
INDICES, SQUAD(84), and SPECFIT/32 are available
free of charge online at http://meloun.upce.cz in the block
DATA.

RESULTS AND DISCUSSION


Recently, haemanthamine, lisuride, and losartan were
studied in our laboratory for a time7,8, and these three
drugs were therefore taken as examples of drug acids
which exhibit quite small changes in spectra.


Haemanthamine: The deprotonation haemanthamine
LH form exhibits two isosbestic points in the spectra,
and these two points indicate one simple equilibrium.
pH-spectrophotometric titration enables absorbance-res-
ponse data (Fig. 1a and Fig. 2a) to be obtained for analysis
by non-linear regression, and the reliability of parameter
estimates (pK’s and e’s) can be evaluated on the basis of a
goodness-of-fit test of the residuals (Fig. 1d and Fig. 2d). The
A-pH curves at 228, 252, and 294nm (Fig. 2c) show that
a dissociation constant may be indicated. As the changes
in spectra are quite small within deprotonation, however,
both of the variously protonated species L and LH exhibit
quite similar absorption bands. The small shift of a band
maximum to lowerwavelengths in the spectra set is shown in
Fig. 2a and Fig. 2e. The adjustment of pH value from 6.3
to 8.4 causes the absorbance to change by 22mAU only,
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Figure 2. Non-linear regression analysis of the protonation equilibria model and factor analysis of haemanthamine: (a)
pH-dependent absorption spectra at 258C, (b) Cattel’s scree plot of theWernimont–Kankare procedure for the determination of
the number of light-absorbing species in themixture k


� ¼ 2 leads to the actual instrumental error of the spectrophotometer used
sinst(A)¼0.45mAU (INDICES in S-Plus), (c) the absorbance versus pH curves for 228, 252, and 294 nm at 258C, (d) detecting
influential outlying spectra with the use of the goodness-of-fit test and the plot of the residual standard deviation s(e) versus pH
for 19 spectra in dependence on pH at 258C, (e) pure spectra profiles of molar absorptivities versus wavelengths for the variously
protonated species L, LH, (f) distribution diagram of the relative concentrations of both variously protonated species L, LH, of
haemanthamine in dependence on pH at 258C, (SPECFIT, ORIGIN)


696 M. MELOUN, S. BORDOVSKÁ AND T. SYROVÝ

so that the monitoring of both components L and LH of the
protonation equilibrium is rather uncertain. As the changes
in spectra are very small, a very precise measurement of
absorbance is required for the reliable estimation of the
deprotonation equilibrium studied.


In the first step of the regression spectra analysis the
number of light-absorbing species is estimated by the
INDICES algorithm (Fig. 2b). The position of the break
point on the sk(A)¼ f(k) curve in the factor analysis
scree plot is calculated and gives k�¼ 2 with correspond-
ing co-ordinate log s2


�(A)¼�3.35, that is, s2
�(A)¼


0.45mAU, which also represents the actual instrumental
error sinst(A) of the spectrophotometer used. Due to the
large variations in the indicator values, these latter are
plotted on a logarithmic scale. All other selected methods
of the modified factor analysis in the INDICES algorithm
estimate the two light-absorbing components L and LH of
the protonation equilibrium. The number of light-absor-
bing species p can be predicted from the index function
values by finding the point p¼ k where the slope of index
function PC(k)¼ f(k) changes, or by comparing PC(k)
values to the instrumental error sinst(A)� 0.45mAU. This
is the common criterion for determining p. Very low
values of sinst(A) prove that a reliable spectrophotometer
and experimental techniques were used.


The dissociation constant and the two molar absorptiv-
ities of haemanthamine calculated for 48 wavelengths
of 19 spectra constitute (2� 48) þ1¼ 97 unknown
regression parameters, which are estimated and refined by

Copyright # 2007 John Wiley & Sons, Ltd.

SQUAD(84) or SPECFIT32 in the first run. The reliability
of the parameter estimates may be tested with the use of
the following diagnostics:


The first diagnostic value indicates whether all of the
parametric estimates bqr and eqr have physical meaning
and reach realistic values: for haemanthamine pKa¼
7.28(s¼ 0.007) at I¼ 0.50 and 258C and PALLAS(2004)
predicts pKa¼ 6.94 while MARVIN(2007) pKa¼ 7.37.
As the standard deviations s(log bqr) of parameters logbqr


and s(eqr) of parameters eqr are significantly smaller than
their corresponding parameter estimates, all the variously
protonated species are statistically significant at a
significance level a¼ 0.05. The physical meaning of
the dissociation constant, molar absorptivities, and
stoichiometric indices is examined. The absolute values
of s(bj), s(ej) give information about the last U-contour of
the hyperparaboloid in the neighborhood of the pit, Umin.
For well-conditioned parameters, the last U-contour is a
regular ellipsoid, and the standard deviations are
reasonably low. High s values are found with ill-
conditioned parameters and a ‘saucer’-shaped pit. The
relationship s(bj)�Fs<bj should be met where Fs


is equal to 3 for a 99.9% statistical probability level.
The set of standard deviations of epqr for various wave-
lengths, s(eqr)¼ f(l), should have a Gaussian distribution;
otherwise, erroneous estimates of eqr are obtained.
Figure 2e shows the estimated molar absorptivities of
all of the variously protonated species eL, eLH, of hae-
manthamine in dependence on wavelength.
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The second diagnostic tests whether all of the
calculated free concentrations of variously protonated
species on the distribution diagram of the relative
concentration expressed as a percentage have physical
meaning, which proved to be the case (Fig. 2f). A
distribution diagram makes it easier to quickly judge
the contributions of the individual species to the total
concentration. Since the molar absorptivities will
generally be in the range 103–105 l �mol�1 � cm�1, species
present at less than ca. 0.1% relative concentration will
affect the absorbance significantly only if their e is
extremely high. The diagram shows the protonation
equilibria of LH and L.


The next diagnostic concerns the goodness-of-fit
(Fig. 2d). The goodness-of-fit achieved is easily seen
by examination of the differences between the exper-
imental and calculated values of absorbance, ei¼Aexp, i,


j–Acalc, i, j. Examination of the spectra and of the graph of
the predicted absorbance response-surface through all the
experimental points should reveal whether the results
calculated are consistent and whether any gross exper-
imental errors have been made in the measurement of the
spectra. One of the most important statistics calculated is
the standard deviation of absorbance, s(A), calculated
from a set of refined parameters at the termination of the
minimization process. It is usually compared with the
standard deviation of absorbance calculated by the
INDICES program,19 sk(A), and if s(A)� sk(A), or
s(A)� sinst(A), the instrumental error of the spectropho-
tometer used, the fit is considered to be statistically
acceptable. This proves that the s2(A) value is equal to

Figure 3. Non-linear regression analysis of the protonation equil
absorption spectra at 258C, (b) Cattel’s scree plot of the Wernim
light-absorbing species in mixture k


� ¼2 leads to the act
sinst(A)¼0.28mAU (INDICES in S-Plus); (c) the absorbance versu
pH at 258C, (d) detecting the influential outlying spectra with the
standard deviation s(e) versus pH for 20 spectra at 258C, (e) pure s
the variously protonated species L, LH, (f) distribution diagram of
species L, LH, of lisuride in dependence on pH at 258C, (SPECFIT
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0.45mAU and is quite close to the standard deviation of
absorbance when the minimization process terminates,
s(A)¼ 0.58mAU. Although this statistical analysis of the
residuals20,35 gives the most rigorous test of the
degree-of-fit, realistic empirical limits must be used.
The statistical measures of all residuals e prove that the
minimum of the eliptic hyperparaboloid U is reached: the
residual standard deviation s(e) always has sufficiently
low values, lower than 1mAU. The criteria of resolution
used for the hypotheses were: (1) a failure of the
minimization process in a divergency or a cyclization, (2)
an examination of the physical meaning of the estimated
parameters to ensure that they were both realistic and
positive, and (3) the residuals should be randomly
distributed about the predicted regression spectrum,
systematic departures from randomness being taken to
indicate that either the chemical model or the parameter
estimates were unsatisfactory.


Lisuride: Lisuride also exhibits very small changes in
spectra (Fig. 1b and Fig. 3a) within the protonation of
anion L. The adjustment of pH from 6.1–8.8 causes an
absorbance change of 80mAU at 228 nm only, making
monitoring of the L and LH components rather difficult
(Fig. 3c). The best region of the spectrum seems to be
216–358 nm and pKa¼ 7.86(s¼ 0.012) at I¼ 0.01 and
258C, and PALLAS(2007) predicts pKa¼ 6.65 while
MARVIN(2004) predicts pKa¼ 7.47. The curves of the
molar absorption coefficients for the forms L and LH
cross at the wavelengths 250 and 280 nm, forming two
isosbestic points. Most of the selected methods of factor
analysis by the INDICES algorithm lead to two light-

ibria model and factor analysis of lisuride: (a) pH-dependent
ont–Kankare procedure for determination of the number of
ual instrumental error of the spectrophotometer used
s pH curves for 228, 266, and 340nm in dependence on
use of the goodness-of-fit test and the plot of the residual


pectra profiles of molar absorptivities versus wavelengths for
the relative concentrations of all of the variously protonated
, ORIGIN)
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absorbing components in the equilibrium mixture
(Fig. 3b). Even small changes in the spectra of the
proposed chemical model of lisuride protonation led to
small values of standard deviation of absorbance s(A),
these being mostly under 1mAU. This goodness-of-fit
(Fig. 3d) proves a sufficiently reliable estimates of the
dissociation constant and molar absorption coefficient.


Losartan: A proposed strategy for efficient experimen-
tation in dissociation constants determination followed by
spectral data treatment in case of very small changes in
spectra also is presented on the protonation equilibria of
losartan (Fig. 1c and Fig. 4a). Losartan contains a
complicated molecular structure, and two protonation
equilibria can be monitored spectrophotometrically with
close dissociation constants only. As all the variously
protonated anions exhibit quite similar absorption bands,
a part of the spectrum from 212 to 272 nm was selected as
the most convenient for an estimation of the protonation
constants. pH-spectrophotometric titration enables absor-
bance-response-surface data (Fig. 1c) to be obtained for
analysis with non-linear regression, and the reliability of
parameter estimates (pK’s and e’s) can be evaluated on the
basis of a goodness-of-fit test of the residuals. The A-pH
curves at 228, 253, and 266 nm show that two protonation
constants are indicated. The SPECFIT32 or SQUAD(84)
program7 analysis process starts with data smoothing
followed by a factor analysis using the INDICES
procedure1,12. The position of a break-point on the
sk(A)¼ f(k) curve in the scree plot of the three most
reliable approaches (Kankare’s s(A), RSD and RSM in

Figure 4. Non-linear regression analysis of the protonation equili
absorption spectra at 258C, (b) Cattel’s scree plot of theWernimon
light-absorbing species in the mixture k


� ¼3 leads to the a
sinst(A)¼ 0.13mAU (INDICES in S-Plus), (c) the absorbance versus
the influential outlying spectra with the use of the goodness-of-fit
pH for 20 spectra in dependence on pH at 258C, (e) pure spectr
variously protonated species L, LH, and LH2, (f) distribution diagram
L, LH, and LH2, of losartan in dependence on pH at 258C, (SPEC
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References1,12) is calculated and gives k� ¼ 3 with the
corresponding co-ordinate log s3


�(A)¼�3.90, that is,
s3


�(A)¼ 0.13mAU (Fig. 4b), which also represents the
actual instrumental error sinst(A) of the spectrophotometer
used. Due to the large variations in the indicator values,
these latter are plotted on a logarithmic scale. The number
of light-absorbing species p can be predicted from the
index function values by finding the point p¼ k where the
slope of the index function PC(k)¼ f(k) changes, or by
comparing PC(k) values with the instrumental error
sinst(A). This is the common criterion for to determining p.
Very low values of sinst(A) prove that a quite reliable
spectrophotometer and experimental techniques were
used. All index methods of the INDICES program predict
the three variously protonated light-absorbing species of
losartan in equilibrium. The two dissociation constants
and three molar absorptivities of losartan calculated for
39 wavelengths of 20 spectra constitute (2� 39)þ 1
unknown regression parameters which are estimated and
refined by SQUAD(84) or SPECFIT32 in the first run.
The reliability of the parameter estimates may be tested
with the use of following diagnostics:


The first diagnostic value indicates whether all of the
parametric estimates bqr and eqr have physical meaning
and reach realistic values. As the standard deviations
s(logbqr) of parameters logbqr and s(eqr) of parameters
eqr are significantly smaller than their corresponding
parameter estimates, all the variously protonated species
are statistically significant at a significance level a¼ 0.05
and pKa, 1¼ 3.60(s¼ 0.01), pKa, 2¼ 4.73(s¼ 0.01) at

bria model and factor analysis of losartan: (a) pH-dependent
t–Kankare procedure for the determination of the number of
ctual instrumental error of the spectrophotometer used
pH curves for 228, 253, and 266nm at 258C, (d) detecting
test and the plot of the residual standard deviation s(e) versus
a profiles of molar absorptivities versus wavelengths for the
of the relative concentrations of all three protonated species
FIT, ORIGIN)
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Figure 5. Plot of small absorbance changes in the spec-
trum. The value of the absorbance difference for the
jth-wavelength of the ith-spectrum Dij¼Aij–Ai,acid is divided
by the instrumental standard deviation sinst(A), and the
resulting ratios SER¼D/sinst(A) are plotted in dependence
of wavelength l for all absorbance matrix elements, where
Ai, acid is the limiting spectrum of the acid form of the drug.
This ratio is compared with the limiting SER value for (a)
haemanthamine, (b) lisuride, and (c) losartan to test if the
absorbance changes are significantly larger than the instru-
mental noise.
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I¼ 0.01 and 258C and PALLAS(2004) predicts pKa, 1¼
4.25 and pKa, 2¼ 4.83 while MARVIN(2004) pKa, 1¼
4.07 and pKa, 2¼ 5.04. Figure 4e shows the estimated
molar absorptivities of all of the variously protonated
species eL, eLH, eLH2


of losartan in dependence on
wavelength. Some spectra overlap and such cases may
cause some resolution difficulties.


The second diagnostic tests whether all of the
calculated free concentrations of variously protonated
species on the distribution diagram of the relative
concentration expressed as a percentage have physical
meaning, which proved to be the case (Fig. 4f). A
distribution diagram makes it easier to quickly judge
the contributions of the individual species to the total
concentration. The diagram shows that overlapping
protonation equilibria of LH2 with LH and L exist.


The next diagnostic concerns the goodness-of-fit
(Fig. 4d). The goodness-of-fit achieved is easily seen
by examination of the differences between the exper-
imental and calculated values of absorbance, ei¼Aexp, i,


j–Acalc, i, j. Examination of the spectra and of the graph of
the predicted absorbance response-surface through all the
experimental points should reveal whether the results
calculated are consistent and whether any gross exper-
imental errors have been made in the measurement of the
spectra. This proves that the s3(A) value is equal to
0.14mAU and is close to the standard deviation of
absorbance when the minimization process terminates,
s(A)¼ 0.48mAU (SQUAD(84)) or 0.39mAU (SPEC-
FIT32). Although this statistical analysis of residuals13


gives the most rigorous test of the degree-of-fit, realistic
empirical limits must be used. The statistical measures of
all residuals e prove that the minimum of the elliptic
hyperparaboloid U is reached: the residual bias
e¼ 2.00� 10�8 proves that there is no bias or systemic
error in the spectra fitting. The residual standard deviation
s(e)¼ 0.48 (SQUAD(84)) or 0.39 (SPECFIT32) mAU has
a sufficiently low value. The skewness g1(e)¼ 0.15 is
quite close to zero and proves a symmetric distribution of
the residuals set, while the kurtosis g2(e)¼ 5.00 proves a
non-Gaussian distribution.


To express small changes of absorbance in the spectral
set, the absorbance differences for the jth wavelength of
the ith spectrum Di¼Aij - Ai, acid were calculated so that
from the absorbance value of the spectrum measured at
the actual pH the absorbance value of the acidic form was
subtracted. The absorbance difference Di was then
divided by the actual instrumental standard deviation
sinst(A) of the spectrophotometer used, and the resulting
value represents the signal-to-error value SER. Figure 5 is
a graph of the SER in dependence on wavelength in the
measured range for all three drugs. When the SER is
larger than 10, a factor analysis is able to predict the
correct number of light-absorbing components in the
equilibrium mixture.


To prove that non-linear regression can analyze such
data the residuals set was compared with the instrumental

Copyright # 2007 John Wiley & Sons, Ltd.

noise sinst(A). If the ratio e/sinst(A) is of similar magni-
tude, that is, nearly equal to one, it means that sufficient
curve fitting was achieved by the non-linear regression
of the spectra set and that the minimization process
found the minimum of the residual-square-sum function
Umin. Figure 6 shows a comparison of the ratio e/sinst(A)
in dependence on wavelength for all three drugs
measured. From the figure it is obvious that most of
the residuals are of the same magnitude as the ins-
trumental noise.

J. Phys. Org. Chem. 2007; 20: 690–701


DOI: 10.1002/poc







Figure 6. Plot of the ratio e/sinst(A), that is, the ratio of the
residuals divided by the instrumental standard deviation
sinst(A) versus the wavelength l for all the residual matrix
elements for (a) haemanthamine, (b) lisuride, and (c) losartan
tests if the residuals are of the same magnitude as the
instrumental noise
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CONCLUSIONS


When drugs are very poorly soluble, pH-spectrophoto-
metric titration may be used with the non-linear regress-
ion of the absorbance-response-surface data instead
of performing a potentiometric determination of the
dissociation constants. The reliability of the dissociation
constants of the three drugs (haemanthamine, lisuride
and losartan) may be proven with goodness-of-fit tests
of the absorption spectra measured at various pH. The
dissociation constant pKa was estimated by non-linear
regression of {pKa, I} data at 258C: for haemanthamine
pKa¼ 7.28(1) at I¼ 0.50, for lisuride pKa¼ 7.86(1) and
for losartan pKa,1¼ 3.60(1), pKa,2¼ 4.73(1) at I¼ 0.01.
Goodness-of-fit tests for the various regression diagnos-
tics enabled the reliability of the parameter estimates to be
determined. Most indices always predict the correct
number of components and even the presence of a minor

Copyright # 2007 John Wiley & Sons, Ltd.

one when the signal-to-error ratio SER is higher than 10.
The Wernimont–Kankare procedure in INDICES per-
forms a reliable determination of the instrumental
standard deviation of spectrophotometer used sinst(A),
correctly predicts the number of light-absorbing com-
ponents present and can also solve an ill-defined problem
with severe collinearity in the spectra or very small
changes in spectra.
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ABSTRACT: The specific rates of solvolysis of methanesulfonic anhydride have been measured conductometrically at
�10 8C in 41 solvents. Use of the extended Grunwald–Winstein equation, with the NT scale of solvent nucleophilicity
and the YOTs scale of solvent ionizing power, leads to sensitivity to changes in solvent nucleophilicity (‘ value) of 0.95
and a sensitivity to changes in solvent ionizing power (m value) of 0.61, with a multiple correlation coefficient (R) of
0.973. Product selectivity values (S) in binary hydroxylic solvents favor alcohol attack in EtOH–H2O (a value of 1.2 in
90% EtOH rising to 4.0 in 40% EtOH) and in MeOH–H2O (a value of 3.7 in 90%MeOH rising to 6.0 in 50%MeOH).
In 2,2,2,-trifluoroethanol–H2O, the S values are much lower at about 0.1. Entropy of activation values are appreciably
negative. Literature values for the specific rates of solvolysis of methanesulfonyl chloride have been extended to
fluoroalcohol-containing solvents (titrimetric method) and, at 45.0 8C, for an overall 43 solvents values are obtained
(using NT and YC1 scales) of 1.20 for ‘ and of 0.52 for m (R¼ 0.969). It is proposed that both substrates solvolyze by
an SN2 pathway. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: methanesulfonic anhydride; methanesulfonyl chloride; solvolysis; extended Grunwald–Winstein equation;


product selectivity; SN2 mechanism


INTRODUCTION


While there have been an appreciable number of kinetic
studies of the solvolyses of sulfonyl chlorides,1–3 there
have been only a few of the solvolyses of the closely
related sulfonic anhydrides. Christensen4 studied the
hydrolyses of the parent and several ring-substituted
benzenesulfonic anhydrides in aqueous acetone and
aqueous dioxane. It was concluded that the solvolyses
were SN2 in character across the full ranges of solvent
composition. The rather fast reactions were followed by a
stopped flow technique. The specific rates of reaction
were 100- to 400-fold higher than for corresponding
solvolyses of arenesulfonyl chlorides and this was found
to be primarily associated with a less negative entropy of
activation.


Studies5 of the kinetic solvent isotope effect (KSIE) for
the m-NO2, p-Br, and p-Me derivatives led, at 25.0 8C, to
kH2O=kD2O values of 1.2–1.35. These values were
appreciably lower than values of 1.5–1.75, which had


previously been reported for arene- and alkanesulfonyl
chlorides in water6 and for alkanesulfonyl chlorides in
aqueous acetone7 or aqueous tetrahydrofuran.7 It was
concluded that the KSIE value was not likely to be of
much help in establishing mechanism because for earlier
studied systems,6,8 it had been found to be essentially
independent of the detailed mechanism. Rather weak
evidence based on changes in the m value, obtained
from a simple (one-term) Grunwald–Winstein equation9


Eqn (1) treatment, at high water


log
k


k0
¼ mY þ c


content was presented for a change to an ionization (SN1)
pathway for the solvolyses of the p-methyl derivative
(p-toluenesulfonic anhydride). In Eqn (1), k and ko
represent the specific rates of solvolysis of the substrate in
the solvent under consideration and in the standard
solvent (80% ethanol), m is the sensitivity towards
changes in solvent ionizing power Y (originally obtained
using tert-butyl chloride as the standard substrate), and c
is a constant (residual) term.


Laird and Spence10–12 have studied the solvolyses of
cyclic and acyclic12 sulfonic anhydrides in alcohols
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(containing 6.7% ether) and in aqueous-dioxane mixtures
containing at least 80% dioxane. A study of solvolyses of
methanesulfonic anhydride [(CH3SO2)2O, 1] in the
270–280K temperature range was included.12


In the present investigation, we study the kinetics of
solvolysis of 1 in a wide range of solvents, including
2,2,2-trifluoroethanol (TFE) and its mixtures with water
and ethanol and aqueous-1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) solvents. Determinations of specific
rates at several temperatures, for nine of the solvents,
allow calculation of the activation parameters. Product
selectivities, involving competition between attack by
water or alcohol, are determined for binary mixtures of
water with ethanol, methanol, or TFE.


There has been a kinetic study of the solvolyses of
methanesulfonyl chloride (CH3SO2C1, 2) in mixtures
of water with ethanol, methanol, or acetone.13 We add
measurements of the specific rates of solvolysis in
TFE–water, HFIP–water, and TFE–ethanol, so that using
the combined values a meaningful extended Grunwald–
Winstein treatment [Eqn (2)] can be carried out. In Eqn


log k=k0 ¼ ‘N þ mY þ c (2)


(2), for the additional [relative to Eqn (1)] term, the ‘
value represents the sensitivity to changes in solvent
nucleophilicity (N). The ‘ and m values obtained are
compared to those obtained for 1.


RESULTS


The specific rates of solvolysis of 1were determined in 41
solvents at �10.0 8C. The solvents consisted of ethanol
and methanol, binary mixtures of TFE with ethanol, and
binary mixtures of water with ethanol, methanol, acetone,
TFE, and HFIP. The specific rates of solvolysis are
reported in Table 1, together with solvent nucleophilicity
(NT) values14,15 and solvent ionizing power (YOTs)
values.16,17 Specific rates measured at other temperatures
are reported in Table 2, together with enthalpies and
entropies of activation, calculated at 10.0 8C using the
data of Table 2 together with, when available, the value at
�10.0 8C from Table 1. For six solvents, a value was not
directly measured at �10.0 8C and this value could be
estimated using the Arrhenius equation; these estimated
values are inserted into Table 1 and used within the
correlation analysis.


The product ratios in aqueous-alcohol solvents can be
arrived at by titration of the acid produced at 10, 15, and 20
half lives. All measurements were in duplicate and since no
trends were observed, the six values were averaged. The
reaction scheme can be expressed as in Eqn (3).


MeSO           ROH 2OR + MeSO2OH


(MeSO2)2O        a 
H2O


  b 2 MeSO2OH


ð3Þ


The percentage of reaction following pathway a can be
estimated by comparing the observed acid titer with that
for reaction in 100% ethanol (all pathway a) and that for
reaction in 60% acetone (all pathway b).18,19 The
percentages of acid formation resulting from ester formation
(Table 3) can then be used to calculate Eqn (4)] the product
selectivity values (S) for an AX substrate. The calculated


S ¼ ½AOR�prod � ½H2O�solvent
½AOH� prod � ½ROH�solvent


(4)


S values are also in Table 3, where they are compared to
some earlier values for solvolyses of arenesulfonyl
chlorides.2e,2h


The specific rates of solvolysis of 2 have been
determined in 13 fluoroalcohol-containing solvents at
45.0 8C. These can be combined with a value for 90%
acetone and with literature values at 45.0 8C for 29 other
solvents. The literature values at 25.0, 35.0, and 45.0 8C
were extrapolated (Arrhenius equation) to give values at
�10.0 8C for comparison with those for 1. These kOMs/kC1
values are listed in Table 1. In some instances, values
from Table 2 were extrapolated (or interpolated) to get
values for solvolysis of 1 at 45.0 8C. Combination with
specific rates from Table 4 leads to additional kOMs/kC1
values.


DISCUSSION


Anhydride 1 is usually named as methanesulfonic
anhydride but an alternative naming as methanesulfonyl
methanesulfonate (mesylate) shows better the relation-
ship to methanesulfonyl chloride (2). In this manuscript
we have throughout used experimental specific rates but
in a comparison with 2, or other substrates with only one
reactive site, there should be a statistical correction for the
presence of two equivalent sites at which reaction can
occur in 1. Accordingly, in a comparison of reactivities at
the sulfur atom of 1 or 2, the kOMs/kC1 ratios (Table 1)
should, for a rigid comparison of the leaving-group effect
for loss of mesylate or chloride, be halved.


In the extended Grunwald–Winstein treatment [Eqn
(2)] of the specific rates of solvolysis of 1, ideally the NT


solvent nucleophilicity values should be combined with
YOMs solvent ionizing power values for a mesylate leaving
group (based on solvolyses of adamantyl mesylates).
These values are available17,20 but only for a limited
number of the solvents used in this investigation. A more
comprehensive determination has been made of YOTs
values [based on the solvolyses of adamantyl
p-toluenesulfonates (tosylates)]. The YOTs values are
available for all of the solvents studied except 65%
acetone and that value is readily obtained by interpolation
(Table 1). For solvents where the specific rates of
solvolysis of an adamantyl derivative have been
determined with both mesylate and tosylate as leaving
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group, the specific rate ratio kOTs/kOMs varies only from
0.5 to 2.1,16b,,17 indicating that use of YOTs values will not
lead to any appreciable perturbations. The extended
Grunwald–Winstein treatment of 2 uses readily availa-


ble17,21YC1 values in conjunction with the NT values. The
sensitivity values, residual values, and goodness-of-fit
parameters from correlations with 1 and 2 as substrates
are listed in Table 5 together with earlier values for


Table 1. Specific rates of solvolysis (kOMs) of methanesulfonic anhydride (1)a at �10.0 8C, the NT and YOTs values for the
solvents, and mesylate/chloride rate ratios


Solventb 104kOMs/s
�1c nd NT


e YOTs
f 103kOMs/kC1


g


100% EtOH 4.92� 0.08 2 0.37 �1.95 0.75h (1.5)
90% EtOH 21.4� 1.5 3 0.16 �0.77 2.4
80% EtOH 40.9� 0.9 3 0.00 0.00 2.5 (1.8)
70% EtOH 65.8� 1.4 3 �0.20 0.47 3.2
60% EtOH 85.8� 1.6 2 �0.38 0.92 3.0
50% EtOHi 103� 6 4 �0.58 1.29 2.7
40% EtOHi 152� 3 3 �0.74 1.97 3.3
30% EtOHi 170� 5 5 �0.93 2.84 3.5
20% EtOHi 158� 11 6 �1.16 3.32 3.7
100% MeOH 11.1� 0.1k 3 0.17 �0.92 2.2 (1.2)
90% MeOH 31.4� 0.7 4 �0.01 �0.05 2.5
80% MeOH 61.2� 0.3 4 �0.06 0.47 2.6
70% MeOH 96.5� 0.3 5 �0.40 1.02 2.5
60% MeOH 123� 6 3 �0.54 1.52 2.6
50% MeOHi 154� 3 5 �0.57 2.00 3.2
40% MeOHi 163� 7 5 �0.87 2.43 3.1
30% MeOHj 171� 5 3 �1.06 2.97 4.2
20% MeOHj 154� 7 6 �1.23 3.39 4.4
90% Acetone 0.704� 0.002 1 �0.35 �1.99
80% Acetone 2.48� 0.01 1 �0.37 �0.94 0.27
70% Acetone 6.57� 0.11 3 �0.42 0.07 0.32
65% Acetone 9.30� 0.06 1 �0.48 0.36‘


60% Acetone 13.2� 0.1 3 �0.52 0.66 0.72
50% Acetone 23.7� 0.9 3 �0.70 1.26 0.73
40% Acetonei 48.4� 2.2 4 �0.83 1.85 1.7
30% Acetonei 82.4� 1.4 5 �0.96 2.50 2.1
100% TFEm 0.0295j �3.93 1.77
97% TFEm,n 0.284j �3.30 1.83 (3.7)
90% TFEn 1.03� 0.01 1 �2.55 1.90
80% TFEn 30.8� 0.1 1 �2.19 1.94
70% TFEn 65.1� 0.1 1 �1.98 2.00
97% HFIPm,n 0.0358j �5.26 3.61 (7.1)
90% HFIPm,n 0.514j �3.84 2.90 (14.1)
70% HFIPm,n 4.19j �2.94 2.40 (1.7)
50% HFIPm,n 12.5j �2.63 2.26 (1.2)
90T-10Eo 1.33� 0.03 2 �2.62 1.32
80T-20Eo 2.27� 0.01 1 �1.76 0.98
60T-40Eo 7.37� 0.02 1 �0.94 0.21
50T-50Eo 8.00� 0.02 2 �0.64 0.14
40T-60Eo 8.87� 0.04 3 �0.34 �0.44
20T-80Eo 8.10� 0.20 3 0.08 �1.18


a Substrate concentration of 2.8� 10�4M.
bUnless otherwise indicated, the binary solvents are on a v/v basis at 25.0 8C, with the other component being water (each solvent also contains 0.2%
of CH3CN).
cWith associated standard deviations.
d Number of determinations.
e From Refs 14 and 15.
f From Refs 16 and 17.
g Values for MeSO2C1 solvolysis by Arrhenius extrapolation of values (Ref. 13) at higher temperatures. Ratios in parentheses are using the MeSO2C1 value at
45.0 8C (Ref. 13) coupled with an extrapolated value for (MeSO2)2O using the data of Table 2.
h Extrapolation of the MeSO2C1 values was using a plot with a relatively low correlation coefficient (�0.9956).
i Substrate concentration of 5� 10�5M.
j Substrate concentration of 3� 10�5M.
k Also a value of 8.20� 0.04 in methanol-d (MeOD) for a kMeOH/kMeOD value of 1.35� 0.02.
lObtained by interpolation.
mObtained by extrapolation (Arrhenius plot) of values at higher temperatures.
n On a w/w basis.
o T-E are TFE–ethanol mixtures.


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 431–438


DOI: 10.1002/poc


SOLVOLYSES OF METHANESULFONIC ANHYDRIDE 433







solvolyses of arene- and alkanesulfonyl chlorides. The
plots of correlations of the specific rates of solvolysis of
1 and 2 are shown in Figs 1 and 2.


The correlation of the specific rates of solvolysis of
2 leads to ‘ and m values very similar to those observed
previously for the solvolyses of N,N-dimethylsulfamoyl
chloride,3 2-propanesulfonyl chloride,3 and two arene-
sulfonyl chlorides.2l As is often the case, discussed
elsewhere,18b a better correlation is obtained when the
specific rates of solvolysis in TFE–ethanol mixtures are
omitted. The goodness-of-fit parameters (R and F) are
also very similar. For the correlation of the specific rates
of solvolysis of the anhydride 1, the m value and the
goodness-of-fit parameters are similar to those for 2 and
the earlier studied substrates. The ‘ value is, however,
lower than in the other correlations. This could be a
consequence of the mesylate leaving group being
appreciably better than chloride, leading to a looser
transition state with, in particular, reduced bonding to the
attacking nucleophile.


The last column of Table 1 presents the kOMs/kC1 ratios,
mainly estimated at �10.0 8C but with a few (in
parentheses) estimated at 45.0 8C. For solvolyses in
aqueous ethanol and aqueous methanol, the values for the
ratio at�10.0 8C are in the range of 2200–4400 and those
values at 45.0 8C are somewhat lower. The value at
�10.0 8C of 750 in ethanol is suspect because of an
inferior Arrhenius plot for the literature data13 for
ethanolyses of 2. Lower values of 270–2100 are observed
at �10.0 8C in aqueous acetone. For the three binary
systems discussed above, the kOMs/kC1 value increased
with increasing water content of the solvent. Somewhat
higher values were observed, at 45.0 8C for solvolyses in
97% TFE and four aqueous-HFIP solvents (1200–14100).


Literature values exist for the SN2 reactions in ethanol
at 25.0 8C of anionic nucleophiles with alkyl tosylates
and chlorides.22 The n-propyl derivatives react with
p-methylthiophenoxide23 with a kOTs/kC1 ratio of 60 and
the ethyl derivatives react with ethoxide ion with a value
of about 1500. The values are consistent with attack by


Table 2. Specific rates of solvolysis of methanesulfonic anhydridea at various temperatures and the enthalpies (DH 6¼/kcalmol�1)
and entropies (DS6¼/calmol�1 K�1) of activation


Solventb T, 8C 104kOMs/s
�1c nd DH 6¼


283.2
e DS6¼283.2


e


100% EtOH 0.0 15.6� 0.1 1
10.0 42.7� 0.6 2
20.0 112� 1 2 15.4� 0.1f �14.9� 0.4f


80% EtOH �20.0 12.5� 0.6 3
0.0 123� 6 3
10.0 326� 7 1 14.9� 0.1 �12.3� 0.4


100% MeOH �20.0 3.31� 0.04 2
0.0 34.3� 0.1 3
10.0 93.9� 0.6 3 15.3� 0.1g �13.4� 0.4g


100% TFE 10.0 0.207� 0.02 1
30.0 1.23� 0.01 1
50.0 5.13� 0.02 1 14.0� 0.4 �30.4� 1.4


97% TFE 0.0 0.663� 0.001 1
10.0 1.72� 0.01 1
20.0 4.04� 0.02 2
30.0 7.98� 0.07 1
50.0 28.7� 0.6 1 12.6� 0.3 �32.6� 1.1


97% HFIP 10.0 0.292� 0.001 1
30.0 1.39� 0.01 1
50.0 5.52� 0.02 1 12.8� 0.1 �34.0� 0.2


90% HFIP 0.0 1.57� 0.01 1
10.0 4.55� 0.01 1
20.0 11.8� 0.1 1 15.5� 0.2 �19.1� 0. 7


70% HFIP 0.0 12.5� 0.1 1
10.0 33.5� 0.1 1
20.0 87.5� 0.3 2 14.9� 0.2 �17.1� 0. 7


50% HFIP 0.0 36.0� 0.1 1
10.0 97.6� 0.2 1
20.0 245� 1 1 14.7� 0.1 �15.8� 0.2


a Substrate concentration of 3� 10�3M.
b 80% EtOH on v/v basis at 25.0 8C and aqueous-fluoroalcohol solvents on w/w basis.
cWith associated standard deviations.
d Number of determinations.
eWith associated standard errors.
f Ref. 12 gives values at 248.2K (after conversion from E and log10A) of 15.7 kcalmol�1 for DH 6¼ and �13.6 calmol�1 K�1 for DS6¼ in a solvent consisting of
93.3% EtOH and 6.7% ether.
g Ref. 12 gives values at 248.2K (after conversion from E and log10A) of 14.6 kcalmol�1 for DH 6¼ and �17.3 calmol�1 K�1 for DS 6¼ in a solvent consisting of
93.3% MeOH and 6.7% ether.
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the weaker nucleophile leading to a looser transition state
and a larger degree of bond breaking to the leaving
group.22,24 Neutral hydroxylic molecules (water or
alcohol) will be even weaker nucleophiles and the larger
ratios observed in this study are consistent with the values
previously obtained for SN2 attack at carbon. For SN1
solvolyses of adamantyl compounds,22,25 the kOTs/kC1
ratio is about 2� 105, at least an order of magnitude
higher than the values obtained in this study. As discussed


earlier, kOMs/kOTs values are close to unity
16b,,17 and kOTs/


kC1 values will not be far removed from the corresponding
kOMs/kCl ratios.


The activation parameters for solvolyses of 1 are
unremarkable (Table 2). The entropies of activation of
from �34 to �12 calmol�1 K�1 are consistent with the
bimolecular pathway indicated by the magnitudes of the ‘
and m values (Table 5).


The KSIE for solvolyses of 1 in either methanol or
methanol-d was, at �10 8C, of value 1.35þ 0.02. This is
considerably lower than for methanolyses of 2, which
gave values of 1.62 at 25.0 8C and 1.51 at 35.0 8C13. A
similar lowering effect was observed in the hydrolyses
of arenesulfonic anhydrides, where values of 1.2–1.35
were less than the values for the hydrolyses of the
corresponding chlorides (1.5–1.75).5–7 This would
suggest, consistent with the lower ‘ value, that bond
formation to the attacking nucleophile is less advanced
for attack on sulfonic anhydrides than on sulfonyl
chlorides. For reactions with extensive bond formation,
such as alcoholyses of chloroformate esters, KSIE values
in the range of 2.1–2.5 have been observed.26,27


The product studies for solvolyses of 1 lead to
selectivity values (S) of the same order of magnitude
as those previously obtained for several reactions of
sulfonyl chlorides (Table 3). In comparisons with
p-methoxy-2e and p-nitrobenzene2hsulfonyl chlorides,
the values closely resemble those for the p-methoxy-
derivative, including the tendency for the S value to rise as
the water content of ethanol–water or methanol–water
mixtures is increased. At high alcohol content, the values
are also similar to those for N,N-dimethylsulfamoyl
chloride3 but the latter compound shows very little
variation in S value as the water content is increased. The
very low values for S in aqueous-TFE mixtures
are consistent with the low nucleophilicity of the
TFE component, very similar values were observed in


Table 3. Selectivity values (S)a for solvolyses at �10.0 8C
of methanesulfonic anhydride (1) in binary mixtures of
water with ethanol, methanol, or 2,2,2-trifluoroethanol,
and a comparison with solvolyses of p-methoxy-and
p-nitrobenzene sulfonyl chlorides


Solventb
% Ester


(CH3SO2OR) S Sp-MeO
c Sp�NO2


d


90% EtOH 76.1 1.2 1.6 0.40
80% EtOH 71.0 2.0 2.3 0.68
70% EtOH 60.0 2.1 0.94
60% EtOH 57.5 2.9 3.8 1.2
50% EtOH 50.3 3.3 3.9 1.5
40% EtOH 44.9 4.0 4.2 1.7
90% MeOH 93.7 3.7 2.5 0.88
80% MeOH 86.8 3.7 4.2 1.2
70% MeOH 81.2 4.2 1.6
60% MeOH 79.4 5.8 4.4 1.9
50% MeOH 72.8 6.0 2.3
40% MeOH 62.3 5.1 6.0 2.6
90% TFE 8.3 0.06e


80% TFE 7.9 0.12e


a As defined in Eqn (4).
b Aqueous ethanol and methanol on v/v basis at 25.0 8C and aqueous TFE on
w/w basis.
c Values from Ref. 2e.
d Values from Ref. 2h.
e Ref. 3 gives values of 0.14 and 0.15 in 90% and 70% TFE for the
solvolyses of Me2NSO2C1.


Table 4. Specific rates of solvolysis (kC1) of methanesulfonyl chloride (2)a at 45.0 8C


Solventb 106kC1/s
�1c Solventb 106kC1/s


�1c


80% EtOH 264� 13d,e 97% HFIP 0.056� 0.011f


90% Acetone 15.5� 0.8 90% HFIP 0.736� 0.028
97% TFE 0.596� 0.052 70% HFIP 40.6� 0.8
90% TFE 3.86� 0.22 50% HFIP 166� 5
80% TFE 25.3� 0.9 80T-20Eg 4.89� 0.26
70% TFE 62.8� 1.5 60T-40Eg 17.6� 1.1
50% TFE 198� 8 50T-50Eg 31.3� 1.1


20T-80Eg 48.8� 1.5h


a Substrate concentration of 5� 10�3M.
bAqueous-fluoroalcohol solvents on w/w basis (nine solvents) and others (six solvents) on v/v basis at 25.0 8C.
cWith associated standard deviations and average of integrated first-order rate coefficients from duplicate runs.
d Calculated using a Guggenheim treatment of the data (see Experimental Section).
e Also a value of 138� 7 at 35.0 8C.
f Using an estimated value for the infinity titer.
g T-E are TFE–ethanol mixtures.
h Also a value of 20.0� 0.9 at 35.0 8C.
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the solvolyses of N,N-dimethylsulfamoyl chloride.3


The change in leaving-group from chloride to methane-
sulfonate does not appreciably influence the product
ratio for attack by alcohol or water in a given binary
mixture.


CONCLUDING REMARKS


Although the solvolyses of 1 proceed, in most solvents,
over 1000 times faster than those of 2, there are only
modest changes in sensitivities towards changes in
solvent nucleophilicity and solvent ionizing power and


in the methanolysis KSIE values. Product selectivity
values in alcohol–water mixtures are also similar to those
for earlier studied sulfonyl chlorides. The most obvious
differences are in a lower ‘ value for solvolyses of 1 and a
somewhat lower KSIE for solvolyses in methanol and
methanol-d. These changes can be rationalized in terms of
the better mesylate leaving group leading to a looser
transition state for the solvolyses of 1 relative to those for
solvolyses of 2 and earlier studied sulfonyl chlorides.
Care must be exercised in comparing m values since the
YOTs scale values cover a narrower range than the YC1
values (a variation of 7.6 units for YC1, but only 5.6 units
for YOTs in going from 100% ethanol to 97% HFIP).17


Table 5. Coefficients from extended Grunwald–Winstein treatments [Eqn (2)] of the solvolyses of methanesulfonic anhydride
(1) and methanesulfonyl chloride (2) and a comparison with coefficients from previous correlations involving solvolyses with
displacement at sulfur


Substrate na ‘b mb cb Rc Fd


1 41 0.95� 0.04 0.61� 0.03 �0.10� 0.05 0.973 342
2 43 1.20� 0.05 0.52� 0.03 0.15� 0.06 0.969 310


39e 1.17� 0.04 0.49� 0.02 0.23� 0.05 0.981 454
(CH3)2NSO2Cl


f 32 1.20� 0.04 0.72� 0.03 0.11� 0.04 0.985 478
(CH3)2CHSO2Cl


f 19e 1.28� 0.05 0.64� 0.03 0.18� 0.06 0.988 333
p-MeC6H4SO2Cl


g 33 1.25� 0.15 0.62� 0.04 0.21� 0.20h 0.967 216
p-MeOC6H4SO2Cl


g 37 1.10� 0.17 0.61� 0.04 0.22� 0.23h 0.959 194


aNumber of data points.
bWith associated standard errors.
cMultiple correlation coefficient.
dF-test value.
eWith the four T-E solvents removed.
f Values from Ref. 3.
g Values from Ref. 2l.
h Associated with the standard error of the estimate.


-3.5


-3


-2.5


-2


-1.5


-1


-0.5


0


0.5


1


1.510.50-0.5-1-1.5-2-2.5-3


0.95NT + 0.61YOTs


lo
g


(k
/k


o
)


EtOH(aq)
MeOH(aq)
Acetone(aq)
TFE(aq)
HFIP(aq)
TFE-EtOH


Figure 1. Plot of log(k/k0) for solvolyses of methanesulfonic anhydride at �10.0 8C against (0.95NTþ 0.61YOTs)
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EXPERIMENTAL


The methanesulfonic anhydride (Aldrich 97%, 1) and
methanesulfonyl chloride (Aldrich 99.5%, 2) were used
as received. The solvents were purified as previously
described.14a


The specific rates of solvolysis of 1 were determined
using an apparatus allowing rapid response to changes in
conductivity.28 Details of the apparatus have been
previously reported.29 To promote rapid dissolution of
solvent, about 4ml of a stock solution of 1 in acetonitrile
was added to 2ml of the solvent under study, contained in
the conductivity cell at the appropriate temperature. In
most instances, the stock solution in acetonitrile was
about 3% (w/w) but for the more aqueous solvents this
was reduced to 0.5 or 0.3% (w/w), as indicated in the
footnotes to Table 1. The changes in conductivity as a
function of time were analyzed using the Guggenheim
method.30


The much slower solvolyses of 2 were followed by a
titration method, as previously described.14a A recent
study of parallel solvolyses of 2-propanesulfonyl chloride
required analysis in terms of the Guggenheim method30


but the approximately 20-fold increase in rate for
solvolyses of 1 allowed direct determination of infinity
titers at 10 half lives in most instances. Only for the runs
in 80% ethanol was the Guggenheimmethod used. For the
very slow reaction in 97% HFIP, the inifinity titer was
estimated by extrapolation of the values measured for the
more aqueous mixtures.3


For the solvolyses of 1, the infinity acid titers reflect the
extents of reaction proceeding to ester and to acid [Eqn
(3)].18,19 To maximize the accuracy, the values were


determined by adding 40ml of a 1.46M solution of 1 in
acetonitrile to 20ml of solvent, to give a 3� 10�3M
solution. After complete reaction, 5.00-ml portions were
removed into 20ml of acetone containing resorcinol blue
(Lacimoid) as indicator and the titration was against
2.4� 10�3M sodium methoxide in methanol.
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ABSTRACT: An electrocatalytic reduction of [(3-{[trans-4-(methoxymethoxy)cyclohexyl]oxy}propyl)thio]benzene
(RSPh) in the presence of naphthalene as a mediator is investigated, using steady-state voltammetry at various sized
platinum microelectrodes and at low temperature (201K) in tetrahydrofuran (THF). This mediated process has been
found to involve the transfer of one electron, in contrast to the direct electrochemical reduction which involves two
electrons. In addition, the mediated reduction proceeds at a potential, some 500mV less negative than the direct
electrochemical reduction. The evidence for the proposed mechanism has been obtained from theoretical simulations,
using DIGISIM which shows satisfactory fitting to experimental results and allowed the determination of the rate
constant for the homogeneous step. In contrast to direct reduction of RSPh where only one product, trans-1-
(methoxymethoxy)-4-propoxycyclohexane (RH), has been obtained, the isolation of two products, RH and the dimer,
diphenyl disulfide, PhSSPh, following mediated preparative electrolysis of RSPh, in presence of naphthalene shows
that this one-electron process may be carried out at the reduction potential of naphthalene at low temperature and has
also validated deductions made from voltammetric results. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: phenyl thioether; mediator; cryoelectrochemistry; microelectrode; naphthalene; DIGISIM

INTRODUCTION


Organosulfur compounds are important in many areas of
chemistry, including organic electrochemistry. Most of
the electrochemical investigations of sulfur compounds
were originally conducted in aqueous media,1,2 with only
a few reports of electrochemistry in organic solvents.
The reduction of various phenyl sulfides (RSPh) in
N,N-dimethylformamide, DMF at platinum,3 mercury,
and glassy carbon electrodes4–6 are notable examples. In
general, the reduction of thioethers may be used as a
convenient synthetic method for carbon—sulfur bond
cleavage and, therefore, there is interest in such processes.


We have recently reported on the cryoelectrochemical
reduction in tetrahydrofuran, THF of the thioether,
[(3-{[trans-4-(methoxymethoxy)cyclohexyl]oxy}propyl)
thio]benzene7 (Fig. 1). This compound was chosen due to
ease of its synthetic functionalization and presence in the

to: R. G. Compton, Physical and Theoretical
ratory, University of Oxford, South Parks Road,
Z, United Kingdom.
ompton@chem.ox.ac.uk


7 John Wiley & Sons, Ltd.

structure alkyl-chain ‘tag’, which may be successfully
used for spectroscopic analyses, following bulk electro-
lysis. It was shown by microdisk chronoamperometry
and bulk electrolysis that only one product, trans-1-
(methoxymethoxy)-4-propoxycyclohexane (RH), was
formed in that process and the number of electrons, n
involved in the reduction was 2.


Recently, there has been some interest in mediated
electrochemistry. This has been most noticeable in the area
of biosensor research.8–12 A few ‘aromatic compounds’ are
known to be good mediators in electrochemical catalytic
processes, proceeding according to the so-called EC’
mechanism. Numerous electrochemical processes, involv-
ing mediation by specific organic and inorganic species
have been investigated over the past three decades. For
example, naphthalene has been used frequently as a
reliable mediator and a review by Simonet13 has been
published. More recently, naphthalene has been used in
the dechlorination of various organic compounds such as
chlorobenzene,14 1-chloronaphthalene,15 some organic
pollutants containing chlorine,16 and more complicated
aromatic compounds.17
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Figure 1. Phenyl thioether [(3-{[trans-4-(methoxymethoxy)-
cyclohexyl]oxy}propyl)thio]benzene, (RSPh)
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Herein, we report on the indirect reduction of the
phenyl thioether, [(3-{[trans-4-(methoxymethoxy)cyclo-
hexyl]oxy}propyl)thio]benzene (RSPh) (Fig. 1) at low
temperature in THF, where naphthalene is used as a
mediator. In this case, when the catalytic process is
the subject of investigation, low temperature plays an
important role, since selectivity over reaction product(s),
mechanistic pathways, and kinetics (rate determining
steps) may be affected significantly. Specifically, under
indirect bulk electrolytic methods, n is shown to be 1,
and a different sulfur-containing product, diphenyl
disulfide (PhSSPh) is observed, compared to previous
work in which n¼ 2. The steady-state waves are shown
for additions of RSPh to a solution containing only
naphthalene at 196K in THF and the subsequent catalytic
waves fitted using DIGISIM.

EXPERIMENTAL


Reagents


Tetra-n-butylammonium perchlorate, TBAP (Fluka), was
used as received, without any further purification.
Anhydrous tetrahydrofuran (THF) was purified by
filtration through two columns of activated alumina
(grade DD-2) as supplied by Alcoa, employing the method
of Grubbs et al.18 Naphthalene (Aldrich) was used as
received. The phenyl sulfide, thioether [(3-{[trans-
4-(methoxymethoxy)cyclohexyl]oxy}propyl)thio]benzene,
was prepared as previously described.7

Electrochemical procedures


Cyclic voltammetry (CV). Voltammetric measure-
ments were carried out on a m-Autolab (Eco-
Chemie, Utrecht, Netherlands) PGSTAT 20 potentiostat.
A three- electrode arrangement was used in an air-tight,
three-necked cryoelectrochemical cell. The cryo-cell
with solid electrolyte was dried in vacuo overnight,
before solvent addition and electrochemical experiments.
The working electrodes employed were 1.2, 5.0, and
12.5mm (radius) platinum electrodes (Cypress Systems,
Inc., Kansas, US), with a large area, shiny platinum wire
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(Goodfellow Cambridge Ltd., Cambridge, UK) used as
the counter electrode. The working electrodes were all
carefully polished on a clean polishing pad (Kemet, UK),
using 1.0 and 0.3mm aqueous-alumina slurries (Beuhler,
Lake Buff, II., USA), and subsequently rinsed in
de-ionized and doubly filtered water of resistivity, no
greater than 18MV cm, taken from an Elgastat filter
system (Vivendi, Bucks, UK). The electrodes were
carefully dried prior to use. Before carrying out electro-
chemical experiments, the microdisc radius was electro-
chemically calibrated using a literature methodology.19 A
Fc/FcRPFS6 reference electrode was developed for use
in THF at low temperature and has been described
previously.20 Tetra-n-butylammonium perchlorate was
used as the supporting electrolyte in all electrochemical
measurements at a concentration of 0.1M. The solutions
were degassed vigorously for 1min, using impurity-free
argon (BOC gases, Guildford, Surrey, UK) to remove
any trace oxygen and an inert argon-atmosphere was
maintained throughout all analyses. All solutions were
prepared under an atmosphere of argon, using oven-dried
glassware such as syringes and needles used for the
transfer of moisture sensitive reagents. Low temperature
experiments were conducted, using a Julabo FT902
immersion cooler with temperature control for counter-
cooling (JULABO UK Ltd.).


Microdisc chronoamperometry. Microdisc chron-
oamperometry permits the simultaneous determination of
the diffusion coefficient, D and the number of electrons,
n transferred to an electroactive species of interest,
provided no coupled chemistry operates on the timescale
of the experiment, and the concentration of the electr-
oactive species is known. The time dependent current
response, I, resulting from a diffusion-controlled reduc-
tive current after a potential step at a microdisc electrode
is given in Eqn (1):


I ¼ �4nFDCrf ðtÞ (1)


where Eqn (2) defines f(t):


f ðtÞ ¼ 0:7854þ 0:8862t�1=2 þ 0:2146e�0:7823t�1=2


(2)


and Eqn (3) defines t:


t ¼ 4Dt


r2
(3)


F is the Faraday constant, r is the radius of the disc
electrode, and t the time. The above approximation (Eqns
1–3) were derived by Shoup and Szabo,21 and describes
the current response to within an accuracy of 0.6% over
all t. Experimentally, the chronoamperometric experi-
ment is run over a time scale, incorporating a transition
from transient, with a I/D dependence, to steady-state
with a I/D dependent behavior. Accordingly, decon-
volution of the parameters D and n is possible from
a single scan. Fitting was achieved via ORIGIN
6.0 (Microcal Software, Inc.) where, having input an
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Figure 2. Voltammetric response of naphthalene (6.5mM)
in THF (0.1M TBAP), using a 5mm (radius) platinum micro-
electrode recorded at a scan rate of 10mV s�1
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accurate value for r and C, the software iterates through
values ofD and n, until the fit of the experimental data had
been optimized.


Preparative electrolysis. Controlled-potential, bulk
electrolysis was carried out in a two-compartment cell,
the catholyte and anolyte being separated by a sintered
glass frit. The cathode was a rectangular platinum
plate (area¼ 3.25 cm2) (Goodfellow, UK) and the anode,
a platinum mesh housed within the separate compartment
with 0.1M TBAP in THF. A Fc/FcRPFS6 reference
electrode was used as described above. The electrolysis
was vigorously stirred, using a magnetic stirrer bar and
the temperature maintained at 195� 1K, using an
external system (Julabo FT902, JULABO Labortechnik
GmbH, D-77960 Seelbach/Germany). The potential was
held constant at the reduction potential of naphthalene
(vs. Fc/FcRPFS6 ). Naphthalene was added to the solution
at 195� 1K to minimize any decomposition of the
mediator.


Saturated aqueous ammonium chloride (2mL)
followed by water (10mL) was added to the electrolyzed
solution upon reaction completion. Diethyl ether (20mL)
was then added and the two fractions separated. The
organic fraction was then washed with aqueous hydro-
chloric acid (1M6T10mL), saturated sodium bicarbonate
(10mL), and saturated aqueous sodium chloride (10mL).
The organic layer was dried over magnesium sulfate and
then evaporated under reduced pressure. Products were
initially identified by 1H NMR (Bruker AV400 (400MHz)
spectrometer) and then separated using TLC/flash chroma-
tography (petrol:diethyl ether elutions). Yields for isolated
RH and PhSSPh were 7.1mg (19%) and 3.5mg (4%),
respectively. Analytical data for these compounds were
identical to literature data and are given below.


trans-1-(Methoxymethoxy)-4-propoxycyclohexane
(RH)7. 1H NMR (400MHz, CDCl3): dH¼ 4.66 (2H,
s, OCH2OCH3), 3.43 (1H, m, cyclohexane CH), 3.38
(2H, t, J 6.8, OCH2), 3.36 (3H, s, OCH2OCH3), 3.25
(1H, m, cyclohexane CH), 1.99 (4H, m, cyclohexane CH2),
1.57 (2H, m, OCH2CH2), 1.33 (4H, m, cyclohexane CH2),
0.90 (3H, t, J 7.4, CH3);


13C NMR (100MHz, CDCl3):
dC¼ 94.7, 76.5, 74.6, 70.1, 55.2, 30.0, 29.5, 23.3, 10.6; MS
(CIþ):m/z 220 (40%, [MþNH4]


þ), 203 (15%, [MþH]þ);
HRMS C11H23O3 (MH) requires 203.1647, MHþ found
203.1656 (þ4.5 ppm); IR (film) per cm�1: nmax¼ 2937,
1455, 1377, 1106, 1045.


Diphenyl disulfide (PhSSPh)22. 1H NMR (200MHz,
CDCl3): dH¼ 7.19–7.36 (m, 6H), 7.48–7.53 (m, 4H);
13C NMR (100MHz, CDCl3): dC¼ 127.1, 127.5, 129.0,
137.0, MS (%B): m/z 218 (M


.þ, 100), 185 (M-SH, 13),
154 (C12H10


.þ, 32þ), 109 (C6H5S
þ, 64); IR (KBr):


n¼ 1573, 1473, 1436, 736, 686 cm�1.


Analytical techniques. 1H NMR spectra were
recorded using a Bruker AV400 (400MHz) spectrometer
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in CDCl3 and referenced to tetramethylsilane (SiMe4),
as an internal standard. Signal positions were recorded in
d (ppm) with the abbreviations s, d, t, q, quint., sept., br,
app., and m denoting singlet, doublet, triplet, quartet,
quintet, septet, broad, apparent, and multiplet, respect-
ively. All coupling constants, J, are quoted in Hz.


Crude electrolysis mixture was analyzed by thin-layer
chromatography (TLC). TLC was performed on Merck
Kieselgel 60 F254 0.25mm pre-coated aluminum backed
silica plates. Compoundswere visualizedwithUV light and/
or by staining with basic potassium permanganate solution.


Flash chromatography was used to separate the
products, following electrolysis and carried out, accord-
ing to the method described by Still et al. 23 using Merck
Kieselgel 60 (40–63mm). Column fractions were
monitored by TLC.

RESULTS AND DISCUSSION


Voltammetric studies of starting compounds:
naphthalene and RSPh


A 6.5mM solution of naphthalene in THF was prepared
and cooled to 201� 1K. A platinum microelectrode was
used to record a voltammetric response, and a reduction
wave with a well-defined plateau was observed at
E¼�3.11V versus Fc/FcþPF�6 reference electrode, as
shown in Fig. 2. The number of electrons transferred
in the reduction, n and the diffusion coefficient, D of
naphthalene were obtained using microdisk potential
step chronoamperometry.7,24 Figure 3 depicts a typical
chronoamperometric curve with the corresponding fitting
applied to deduce the required parameters. Experiments
were repeated a number of times and the average D and n

J. Phys. Org. Chem. 2007; 20: 144–150


DOI: 10.1002/poc







Figure 3. Experimental ((black) circles) and fitted theoretical
(solid (red) line) chronoamperometric curve for the one-electron
reduction of 6.5mM naphthalene in THF (0.1M TBAP), at a
5mm platinum microelectrode and temperature of 196� 1K.
Potential was stepped to �3.50V versus Fc/FcþPF�6 in the
plateau region of the reductive wave (Figure 2. Fitting by
OriginTM software. Diffusion coefficient, D¼2.4 (�0.1)�
10�6 cm2 s�1
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used. The diffusion coefficient was found to be 2.5
(�0.1)� 10�6 cm2 s�1 and the number of electrons
transferred was found to correspond to 1.0 (�0.1).


Previously7 under the conditions described above, the
steady-state voltammetric wave for a 3mM solution of
RSPh was recorded and is shown again in Fig. 4.
Comparing both curves for naphthalene and RSPh, it is
easily noticed that the reduction potential of RSPh
(E¼�3.58V vs. Fc/FcþPF�6 ) is more negative than the

Figure 4. Voltammetric response of [ (3-{ [trans-4- (methox-
ymethoxy)cyclohexyl]oxy}propyl)thio]benzene, (RSPh) (3mM)
in THF (0.1M TBAP), using a 5mm (radius) platinum
microelectrode recorded at a scan rate of 10mV s�1 at
196� 1K


Copyright # 2007 John Wiley & Sons, Ltd.

corresponding value for naphthalene (E¼�3.11V vs. Fc/
FcþPF�6 ) by some 500mV.Wewere interested in whether
we could use naphthalene as a catalytic mediator at low
temperature to, not only allow reduction at a lower
potential, but also to determine whether or not the
product(s) following reduction might be altered.

Voltammetric study of catalytic process
involving reduction of RSPh via mediation
using naphthalene


Figure 5(a) shows the wave for a 1mM solution of
naphthalene in THF at low temperature. Next, three
sequential additions of RSPh were made and are shown in
Fig. 5. In the Fig. 5, similar increases caused by additions
are clearly visible. All the curves are observed at the same
potential which is lower than the reduction potential for
RSPh itself and almost the same as for naphthalene. This
effect may be explained by a mediation-type process
involving naphthalene – a type of EC’ mechanism as
shown by Scheme 1.


The first step of the process involves the one-electron
reduction of naphthalene forming the anion radical. The
mediator then transfers the electron to a molecule of
RSPh, under slow scan rates with the formation of
corresponding anion radical and regeneration of naphtha-
lene (hence catalysis). Under such slow timescales, any
naphthalene regenerated is immediately re-reduced and,
thus, the wave height for naphthalene is increased. The
resulting catalytic waves were then simulated and in
addition, with no clear way of determining n transferred
to RSPh (e.g., RSPh may react with two radical anions),
bulk electrolysis was performed.

Figure 5. Voltammetric response of (a) naphthalene
(1.0mM) in THF (0.1M TBAP), using a 5mm (radius) platinum
microelectrode recorded at a scan rate of 10mV s�1 andwith
RSPh (2) (b) 1.8mM, (c) 3.5mM, and (d) 5.1mM
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Scheme 1. Mechanism of the process includes initial
one-electron reduction of naphthalene, followed by catalytic
cycle with formation of RSPh anion radical and regeneration
of naphthalene


Figure 6. Overlay of (a) the theoretical simulation result
(dotted line) with (b) the RSPh response (1.77mM, scan
rate 10mV s�1, 5.0mm (radius)). Parameters used for
the simulations were as follows: T¼201K, a¼ 0.5,
D¼2.5�10�6 cm2 s�1, ks¼ 1 cm s�1, kf¼5�105 Lmol�1


s�1


Figure 7. Overlay of (a) the theoretical simulation result
(dotted line) with (b) the RSPh response (5.0mM, scan
rate 10mV s�1, 12.5mm (radius)). Parameters used for
the simulations were as follows: T¼201K, a¼ 0.5,
D¼2.5�10�6 cm2 s�1, ks¼1 cm s�1, kf¼ 5�105 Lmol�
1 s�1
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Simulations of voltammograms for RSPh
reduction mediated by naphthalene


If the proposed mechanism follows a well-known
electrochemical EC’ mechanism, it may be successfully
simulated using DIGISIM software.25 In subsequent
simulations, the standard EC’ mechanism and hemi-
spherical diffusion were assumed as conditions. Diffusion
of all species was assumed to be the same as for
naphthalene. Therefore, the diffusion coefficient deter-
mined from chronoamperometric data for naphthalene
(Section ’Voltammetric studies of starting compounds:
naphthalene and RSPh’) were used. Having constant
values such as diffusion coefficient (2.5� 10�6 cm2 s�1),
radius of electrode (5mm), initial concentrations of
species (1mM for naphthalene, 1.77mM for RSPh, and
zero for others), temperature (201K), and scan rate
(10mV s�1), other parameters of simulation E, k0, and kf
(half wave potential, heterogeneous, and homogeneous
rate constants, respectively) were systematically varied,
until the best fit of the experimental curve was obtained
as shown by Fig. 6. It is clearly visible from the
figure that assigning k0 and kf values of ca. 1 cm s�1 and
5� 105 Lmol�1 s�1, respectively, and using the measured
E of naphthalene, gives satisfactory fitting with deviation
of the theoretical limiting current from experimental
result, not exceeding 0.1 nA. In order to ensure that the
parameters obtained from simulations and the proposed
mechanism are correct, the voltammetric curves for two
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additional electrode sizes were simulated. Keeping all the
parameters unchanged except electrode radius, good
fittings for 1.2 and 12.5mm electrodes were achieved as
shown in Figs. 7 and 8, respectively. Table 1 contains the
observed limiting currents for sets of various electrode
sizes and concentrations for both experimental curves and
theoretical results. It is obvious from the table that values
are consistent.
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Figure 8. Overlay of (a) the theoretical simulation result
(dotted line) with (b) the RSPh response (1.77mM, scan
rate 10mV s�1, 1.2mm (radius)). Parameters used for
the simulations were as follows: T¼ 201K, a¼0.5,
D¼2.5� 10�6 cm2 s�1, ks¼1 cm s�1, kf¼5� 105 Lmol�1


s�1
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Preparative reduction of RSPh in presence of
naphthalene as mediator


The electrolysis was carried out at the potential of
naphthalene reduction (�3.1V vs. Fc/FcþPF�6 ) in THF at
low temperature (196� 1K), until a total of 10 8C was
passed. Addition of naphthalene was performed at low
temperature, due to the slow decomposition of naphtha-
lene at room temperature in solution. As a result, two
products were isolated although in low yield (Table 2).
The low yield was a result of both the long timescales
required for charge passage through solution at such low
temperatures and also lengthy work-up procedures

Table 1. Comparison of limiting currents, observed at var-
ious electrodes and concentrations for RSPh with simulated
currents


Radius
per mm


RSPh
per mM


Ilim(experimental)
per nA


Ilim(simulated)
per nA


5.0 1.8 1.3 1.3
3.5 1.8 2.0
5.1 2.5 2.6
6.6 2.6 3.1


1.2 0.9 0.266 0.196
1.3 0.280 0.221
1.8 0.296 0.242
4.2 0.375 0.335
5.8 0.485 0.382


12.5 3.4 6.1 5.4
5.0 7.1 7.3
6.6 9.7 9.0
8.0 10.7 10.7
9.4 12.4 12.2
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required to remove TBAP. Specifically, we isolated the
dimer, diphenyl disulfide (PhSSPh) which suggests that
RSPh is accepting a single electron homogeneously via a
mediated electron transfer and the resulting radical anion
cleaves to give carbon anion and the aromatic sulfur
radical. In this case, no addition of the produced radical
on the aromatic catalyst was observed. In addition, these
results show that reduction of RSPh may be conducted
indirectly at a much lower potentials than that under
direct methods.7 The following mechanism of decompo-
sition of RSPh anion radical formed in EC’-process
(Scheme 1) may be proposed (Scheme 2):


In contrast to direct two-electron reduction, where
anion radical of RSPh or its decomposition products
underwent further reduction at the same potential with
formation of dianion, the first step of this mechanism is
decomposition of RSPh, with formation of corresponding
anion and radical. The anion may remove a proton from
any acidic species, within the electrolytic medium or from
the aqueous acid work up, following bulk electrolysis to
yield RH. The phenyl sulfide radical thus formed, can
dimerise forming diphenyl disulfide. In general, the
overall process consumes only one electron per molecule
of RSPh and this is in accordance with mechanism
proposed from voltammetric data.

CONCLUSIONS


It has been shown that the mediated reduction of the
phenyl sulfide at low temperature proceeds via a single
electron mechanism (Scheme 1). The mediator used is
naphthalene whose potential is ca. 500mV less negative
than that of phenyl sulfide versus Fc/FcþPF�6 . Previous
studies into the reduction of thioether have shown that
the direct reduction involves two electrons and occurs
at much more negative potentials. Mediated electron
transfer, therefore, provides a useful electrosynthetic
method of reducing functional groups, without the need
for extreme potentials and/or electrolyzing at the solvent
breakdown limit. Electrocatalytic experiments have been
performed in which phenyl sulfide, in the presence of
small concentrations of naphthalene, leads to an increase
in the wave height, with subsequent additions of the
sulfide. Various electrode sizes have been used to gain
kinetic information by simulations using DIGISIM. In
addition, preparative electrolysis at low temperature has
allowed the isolation of the dimer, diphenyl disulfide,
although only in low yield. This suggests the transfer of a
single electron from the mediator to the phenyl sulfide
(Scheme 1). Finally, mediated experiments were only
possible at low temperature, due to the decomposition of
the mediator at room temperature and the solvent
breakdown window versus Fc/FcþPF�6 . Overall, at low
temperature, not only does voltammetric resolution of
waves become possible, but a ‘clean’ mediated electron
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Table 2. Summary of preparative electrolysis experiment in which the potential was held constant at 3.1 V versus Fc/FcþPF�6 ,
until a total of 10 8C was passed


Starting material Mediator Number of electron(s), n Product(s) isolated Yield of product(s) isolated/recovered


I Naphthalene 1 RH 7.1mg (19%)
Diphenyl disulfidea 3.5mg (4%)


a Thiophenol was not observed in the products and to ensure that this was not aerial oxidized to diphenyl disulfide, a sample of thiophenol was left overnight in
solution, under normal air conditions. 1H NMR revealed the thiol to be stable under these conditions.


Scheme 2. Mechanism of decomposition of RSPh anion
radical, with eventual formation of RH and phenyl disulfide
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transfer step allows such electrosynthetic processes to
occur.
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ABSTRACT: Contrary to the typical nucleoph
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ilic substitution, occurring on the sulfur atom of 4-methyl-1,2,4-
leads to the formation of the N—C bond rather than the S—C bond.


The mechanism of this reaction has been characterized theoretically. Calculations indicate that the reaction proceeds
via a cyclic transition state involving one solvent molecule with the Gibbs free activation energy of only 2 kcal/mol.
The alternative pathway that leads to the S—C bond formation is about 5 kcal/mol more energetically demanding.
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INTRODUCTION


1,2,4-Triazole and its derivatives constitute an important
class of organic compounds with diverse biological acti-
vities, such as anticonvulsant, antidepressant, anti-inflam-
matory, antitumor, analgesic, antiviral, and antibacterial.1


Therefore, some of them are approved as drugs, for
example, alprazolam,2 etizolam,3 or vibrunazole.4


Recently, much attention has been focused on derivatives
of 1,2,4-triazole because of their fungicidal activities.
They are also used as intermediates for the synthesis of
antifungal agents such as fluconazole, voriconazole, and
itraconazole.5 Because of the continuing interest in the
biological activity of these compounds, we have
synthesized new analogs with promising pharmacological
activity.6,7 Following a literature report8 indicating that
the substitution proceeds via the nucleophilic attack of the
sulfur atom, as illustrated in Scheme 1, we have reacted
4-methyl-1,2,4-triazol-3-thiole (SSH) with formalin at 25
8C. Formalin is an aqueous solution in which the
predominant form is the mono-hydrate, CH2(OH)2,9 that
is, however, unreactive, and it is free formaldehyde,
present in smaller quantity, that is the reactive species.
Thus, we consider that reactions under consideration here
proceed with formaldehyde, the abundance of which is
maintained in solution via rapid equilibrium with formol.

to: P. Paneth, Institute of Applied Radiation Chem-
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Under our experimental conditions, N1-hydroxymethyl-
4-methyl-1,2,4-triazol-5-thione (PNC in Scheme 2) turned
out to be the sole product. While similar reaction out-
comes has been observed in 2-mercaptoimidazoles react-
ing with carbonyl groups,10 to the best of our knowledge
its mechanism has not been addressed. Furthermore,
despite extensive studies of 1-methyl-2-mercaptoimida-
zole and 1-methylimidazole-2-thione chemistry their
tautomeric equilibrium has not been determined con-
clusively,11 and they are frequently referred to collec-
tively as methimazole.


We present theoretical calculations that explain
1,2,4-triazol-3-thiole reactivity and provide details of
the corresponding transition state that leads to the
N-substituted derivative. It is shown that this reaction
is dominating because its activation energy is a few kcal/
mol lower than that of the water-mediated tautomeriza-
tion that leads to the nitrogen-protonated form, which is
required for the reaction that leads to the S-substituted
product.

RESULTS AND DISCUSSION


All calculations have been carried out at the density
functional theory (DFT) level using B3LYP functional.12


All geometries were initially optimized in the gas phase,
but since experimentally the reaction was carried out in
formalin, gas-phase geometries were reoptimized in
solution as approximated by the PCM implicit solvent
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model with UFF radii on all atoms (including hydrogen
atoms) and with parameters for water.13 It has been shown
that the dielectric properties of the formalin solution are
close to that of pure water.14 Although both geometries
and relative energies are not notably perturbed by the
introduction of the solvent model, we are discussing
results obtained with the PCM solvent model included.


The substrate, 1,2,4-triazol-3-thiole, can exist in either
the thiole form, or N-protonated tautomeric forms, as
shown in Scheme 3. We will refer to the most stable of the
N-protonated forms as the thione form, SNH.


Thus, the first problem that has to be solved is to
determine, which of these forms is present under our
reaction conditions. Theoretical calculations for this
(results presented herein) and similar systems11b indicate
that the thione form SNH is more stable than SSH by about
10 kcal/mol. These calculations are in agreement with the
experimental observation that the thione form is
predominantly observed in crystals. Also 1,2,4-triazol-
3-thiole crystallizes from water in the thione form.15 The
commercial substrate that has been used, however, is
reported to be the SSH tautomer based on IR and Raman
spectra. Since these spectra are not fully conclusive, we
have carried out NMR analysis. 1H, 13C, 15N, and 2D
1H–15N correlation NMR spectra provided evidence that
the broad signal at 13.4 ppm is not that of the proton
attached to any of the nitrogen atoms upon dissolution of
this reactant in DMSO or in water/methanol (1:1 vol.).
All signals in the 15N spectrum were identified and
showed coupling constants of less than 13 Hz (as des-
cribed in section Experimental Methods), which indi-
cates16 the absence of the N—H bond. However, after
several days the spectra changed; the coupling constant of

Scheme 2.


Scheme
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the 15N signal at 204.9 ppm changed to 107.0 Hz and the
signal at 13.4 ppm in the proton spectra became sharp.
Proton-decoupled 15N spectrum confirmed the signal at
204.9 ppm to be a doublet and not two singlet signals of
similar chemical shift. The 13C spectrum showed a signal
at 166.5 ppm, which is characteristic for the C——S bond.
These observations together indicated that the tautomer-
ization occurred in the sample and that the only form
present is now the SNH tautomer. This suggests that, under
our experimental conditions (as described in Experimen-
tal Methods, Reaction conditions), only the thiole form
SSH is present in the solution.


Several mechanistic scenarios have been considered.
The simplest mechanism involves only the molecules of
the two reactants. The DFT-optimized structure of the
transition state corresponding to the reaction given in
Scheme 2 (TSSH-NC) is illustrated in Figure 1 and its main
geometric and energetic features are collected in Table 1.
It is characterized by one imaginary frequency of
229.3i cm�1 that corresponds predominantly to the
motion of the triazole nitrogen atom and formaldehyde
carbon atom that leads to the formation of the new bond.
The other main contribution to this vibration comes from
the proton transfer between sulfur and oxygen atoms.
Gibbs free activation energy corresponding to this
transition state is equal to only 3.1 kcal/mol. The long
bond distance between the nitrogen atom and formal-
dehyde carbon atom and especially much longer O—H
distance compared to S—H distance, in terms of the More
O’Ferrall–Albery-Jencks reaction coordinate diagram
indicate that it is a very early transition state.17


A reaction route competitive to that shown in Scheme 2
consists of tautomerization to the N-protonated form
followed by the reaction leading to the formation of the
S—C bond, as presented in Scheme 4. We have studied
theoretically both steps of this route. The first step can
proceed either intermolecularly or with the involvement
of water molecule(s). The Gibbs free energy of activation
for the intramolecular tautomerization (via TSSH-NH not
shown) exceeds 33 kcal/mol and therefore this mechan-
ism has not been included in the considerations (although
this intramolecular mechanism of proton transfer can
operate in nonaqueous, aprotic solution of the reactant
SSH as implied by the NMR results). The transition state
for the tautomerization pathway that involves one water
molecule (TSSHaqNH) is shown in Figure 1. Its imaginary
frequency of about 1021i cm�1 corresponds to simul-
taneous transfer of two protons: from the thiole group to

3.
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Figure 1. Transition state structures for the reaction given in Scheme 2 (TSSH-NC) and first (TSSHaqNH) and second (TSNH-SC)
steps of Scheme 4
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the water molecule, and from the water oxygen atom to
the nitrogen atom of triazole. The water molecule forms
with the N and S centers of the triazole a six-membered
ring via the protons in flight. Bond distances to these
protons indicate that the process is practically synchro-
nous.


Subsequent reaction of the N-protonated tautomer SNH
to the product with the S—C bond formed (PSC) proceeds
through a cyclic transition state analogous to that found
for the reaction given in Scheme 2. Its structure is
illustrated in Figure 1, while details of the main geo-
metrical parameters and Gibbs free energy of activation

Table 1. Bond distances (Å), valence and dihedral angles (8) o
structures, Gibbs free activation energies, and imaginary frequen


Coordinate/property T


N H
S H 1
Oa H 1
N C 1
S C
N H O
S H O 1
S C N C
S C N H
N C S C
N C S H �
C N H O
C S H O �
DG 6¼ (kcal/mol)
in6¼ (cm�1) 2


a Oxygen atom of water in case of TSSHaqNH and of formaldehyde in case of T


Scheme
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are given in the last column of Table 1. Unlike TSSH-NC,
the transition state TSNH-SC is characterized by an
imaginary frequency of the magnitude similar to that of
TSSHaqNH. Its analysis indicates that proton transfer
between nitrogen and oxygen atoms is the main con-
tributor to this vibration. The other significant component
comes from the movement of sulfur and formaldehyde
carbon atoms that close the ring by forming the new S—C
bond. The long S—C distance together with the longer
O—H than N—H bond indicates that this transition state
is closer to reactants than to the product (an early
transition state).

f atoms involved in six-member cycles of transition state
cies


SSH-NC TSSHaqNH TSNH-SC


— 1.613 1.200
.380 1.660 —
.818 1.039(N)/1.221(S) 1.302
.919 — —
— — 2.109
— 146.7 151.2
50.7 157.9 —


4.95 — —
— �1.1 �6.1
— — �11.8
11.4 0.9 —
— 5.1 �2.5
10.5 �5.4 —
3.1 6.4 8.2
29.3 1021.1 1082.1


SSH-NC and TSNH-SC.


4.


J. Phys. Org. Chem. 2007; 20: 1043–1049


DOI: 10.1002/poc







Figure 2. Transition state structures involving a solvent molecule for the reactions given in Scheme 2 (top left: TSSHaqNC) and
the second step of Scheme 4 (bottom right: TSNHaqSC), as well as TSNHaqNC (top right) and TSSHaqSC (bottom left)
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A similar mechanism that leads from the thiole reactant
to N—C containing product involves participation of a
solvent molecule. The optimized structure of the corres-
ponding transition state (TSSHaqNC) is illustrated in
Figure 2. The geometrical features of this transition state
are collected in Table 2. The Gibbs free activation energy
for this mechanism is only 1.9 kcal/mol, and, therefore,

Table 2. Bond distances (Å), valence and dihedral angles (8) of
structures, Gibbs free activation energies, and imaginary frequen


Coordinate/property TSSHaqNC


N H —
S H 1.384
Ca S 1.757
Ob H 1.007
Oc H 1.628
N C 1.922
S Cd —
N H Oc —
S H Oc 176.1
Ob H Oc 167.7
DG 6¼ (kcal/mol) 1.9
in 6¼ (cm�1) 194.6


a Carbon atom of the ring.
b Oxygen atom of formaldehyde.
c Oxygen atom of water.
d Carbon atom of formaldehyde.


Copyright # 2007 John Wiley & Sons, Ltd.

this reaction is more favorable than the reaction between
SSH and formaldehyde alone. Inclusion of one water
molecule in the transition state for the reaction leading
from the SNH tautomer to PSC product (TSNHaqSC) does
not alter significantly the barrier, which is equal to
8.4 kcal/mol. In agreement with the Hammond postulate,
TSSHaqNC is an early transition state: the Wiberg bond

atoms involved in eight-member cycles of transition state
cies


TSNHaqNC TSSHaqSC TSNHaqSC


1.721 — 1.212
— 2.034 —


1.709 1.747 1.741
1.019 1.032 1.280
1.314 1.352 1.253
2.164 — —


— 2.817 2.082
151.4 — 173.1


— 155.9 —
156.0 160.0 171.1
25.0 11.7 8.4


561.3 240.5 1164.9
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order18 of the breaking S—H bond is 0.85 while the bond
order of the forming N—C bond that closes the ring is
only 0.42, and bond orders in the relay that transfers
proton from the reactant to the oxygen atom of formal-
dehyde are 0.09, 0.60, and 0.12, respectively. Bond orders
of the breaking N—H bond and forming S—C bond in
TSNHaqSC, on the other hand, are 0.43 and 0.74,
respectively, indicating a late transition state. The proton
relay system in this transition structure is more balanced,
with bond orders equal to 0.30, 0.39, and 0.32 in the
direction toward the oxygen atom of formaldehyde.


In models considered thus far, the new bond to the
formaldehyde carbon is formed by the atom (nitrogen or
sulfur) which lacks the proton. However, it may be
envisioned that a protonated atom forms the new bond
with the carbon atom of formaldehyde. Again, such a
mechanism requires intervention of a solvent molecule.
We have identified two such transition states. The first
one, TSNHaqNC, corresponds to the reaction leading from
the SNH tautomer to the product containing a N—C bond
(PNC). Analogously, the second one (TSSHaqSC) corre-
sponds to the reaction from SSH to PSC. Both these
structures are characterized in Figure 2 and Table 2.


Finally, since thiolates are powerful nucleophiles, thus
one might expect that the thiolate of the reactant (SS-) may
compete with the protonated species for formaldehyde.
Although the 1,2,4-triazol-3-thiole system does not
deprotonate in water (the anion can only be obtained
upon treatment with a very strong base), we have

Figure 3. Gibbs free energy profile of reactions considered. Rel
energies are shown in red


Copyright # 2007 John Wiley & Sons, Ltd.

evaluated the energetics of such reaction (data not
shown). Gibbs free energy of activation for the reaction
between the thiolate and formaldehyde is 2.7 kcal/mol,
which again is higher than the reaction involving one
water molecule and neutral reactants.


The energetics of the reactions considered in the
present study that are relevant to reactivity observed
experimentally are presented in Figure 3. Reactants and
products shown in this figure for both addition reactions
were obtained by optimization of the end-points of the
IRC calculations19 starting fromTSSHaqNC andTSNHaqSC


transition structures. Thus in both cases the models
included triazole, formaldehyde, and water molecules. In
the studies of tautomerization, on the other hand, formal-
dehyde molecule was not included. The sum of Gibbs free
energies of formaldehyde and the binary triazole–water
complexes of tautomeric SSHaq and SNHaq forms are
within about 1.5 kcal/mol of the Gibbs free energies of the
corresponding ternary complexes SSHaq � H2CO and
SNHaq �H2CO. For clarity, these differences are omitted
in Figure 3 and indicated only by the discontinuity of the
corresponding energy levels.


The Gibbs free energy of activation for the first step of
the pathway given by Scheme 3, tautomerization of the
substrate, is 6.5 kcal/mol, that is, 4.6 kcal/mol larger than
for the competitive reaction that leads to the N—C bond
formation (Scheme 2). The Gibbs free energy of activa-
tion for the subsequent step, leading to PSC is 8.4 kcal/
mol. Thus for the reaction that originates in the thiole

ative energies (kcal/mol) are shown in black, and activation


J. Phys. Org. Chem. 2007; 20: 1043–1049


DOI: 10.1002/poc







1048 M. WUJEC AND P. PANETH

tautomer of the reactant, the kinetically preferred direc-
tion is toward the PNC product with the N—C bond
formed, as observed experimentally. Explicit inclusion of
one water molecule lowers the Gibbs free energy of
activation of the reaction of SSH in the experimentally
observed direction toward PNC by 1.2 kcal/mol. The same
direction of the reaction is favored in the thermodynamic
control since the Gibbs free energy difference between
SSH and PSC is 19.7 kcal/mol while between SSH and PNC


is 31.3 kcal/mol. Energy calculations with larger basis set
are reported in Figure 3 in parenthesis. They do not alter
the energetic landscape presented above.


In summary, we have shown computationally that in
agreement with experimental observations the reaction
between 4-methyl-1,2,4-triazol-3-thiole and formaldehyde
leads to N1-hydroxymethyl-4-methyl-1,2,4-triazol-5-thione.
This pathway is favored both kinetically, Gibbs free
energy of activation of only 1.9 kcal/mol, and thermo-
dynamically, Gibbs free energy difference of 31.3 kcal/
mol. The cyclic transition state for this reaction includes
both reactants and one explicit water molecule that is
involved in the proton relay system.

EXPERIMENTAL METHODS


Materials


4-Methyl-1,2,4-triazol-3-thiole and formaldehyde (37%)
were obtained from commercial supplier. The purity was
checked by TLC on Aluminum oxide 60 F254 plates
(Merck) in a CHCl3/C2H5OH (10:1 and 4:1) with UV
visualization. Melting points were determined in Fish-
er–Johns blocks. The results of elemental analyses for C,
H, and N were within �0.4% of the theoretical values.
1H, 13C, and 15N NMR spectra were recorded in DMSO-d6


and in the water/methanol mixture (1:1) at 303 K on a
spectrometer operated at 700.08 MHz for 1H NMR,
corresponding to 176.5 and 70.95 MHz for 13C and
15N nuclei, respectively. The nitrogen chemical shifts
were assigned on the basis of HMQC experiments.
1H NMR (DMSO) d 3.37 (s, 3H, CH3); 8.23 (d, 2H,
J¼ 7.5 Hz, CH); 13.41 (s, 1H, SH). 13C NMR (DMSO) d
31.5 (CH3), 142.6 (CH), 166.5 (C). 15N NMR (DMSO) d
168.6 (dq, J¼ 6.9, 2.0 Hz, N—CH3), 204.9 (d, J¼ 5.3 Hz,
N——C—SH), 278.3 (d, J¼ 13.3 Hz, N——CH).

Reaction conditions


4-Methyl-1,2,4-triazol-3-thiole (0.01 mole) and 0.01 mole
of formaldehyde solution (37%) were mixed and left at
room temperature (25 8C) for ½ h. The obtained product
was filtered, dried, and crystallized from ethanol. Yield
85%. M.p. 125–126 8C. C4H7N3OS¼ 145.184. 1H NMR
(DMSO) d 3.47 (s, 3H, CH3); 5.36 (d, 2H, J¼ 7.5 Hz,
CH2); 6.79 (t, 1H, J¼ 7.5 Hz, OH); 8.48 (s, 1H, CH).

Copyright # 2007 John Wiley & Sons, Ltd.

13C NMR (DMSO) d 32.1 (CH3), 70.5 (CH2), 141.5 (CH),
166.2 (C). 15N NMR (DMSO) d 169.9 (d, J¼ 8.1 Hz,
N—CH3), 206.3 (d, J¼ 5.6 Hz, N——C—SH), 279.5 (d,
J¼ 13.1 Hz, N——CH).


Computational methods


DFT calculations were performed. Geometry optimiz-
ation of reactants, transition states, and products was
carried out using the B3LYP functional12 and the standard
6-31þG(d,p) basis set20 as implemented in the Gaussian
03 package.21 All calculations were carried out using
default convergence criteria. Vibrational analysis was
performed for the optimized structures to confirm that
they represent stationary points on the potential energy
surfaces (3n-6 real normal modes of vibration for the
reactant and one imaginary frequency for the transition
state). Gas phase geometries were subsequently reopti-
mized using the same theory level and basis set, and the
PCM implicit solvent model with parameters correspond-
ing to water.13 Gibbs free energy values correspond to a
temperature of 298 K. ZPE contributions to energy
barriers were about �1.9 kcal/mol. UFF22 radii of all
atoms, including hydrogen atoms, were used in the cavity
building. For complexes including water molecules, once
the transition structures were optimized the IRC
protocol19 was used to identify reactants and products
of the corresponding reaction. Structures obtained from
these calculations were subsequently optimized to the
nearest stationary points and vibrational analysis was
used to confirm that they represent minima on the
potential energy surface. Energy calculations at the
B3LYP/6-311þþG(d,p) level23 do not introduce signifi-
cant changes to the profiles of the studied reactions. The
values from this theory level are given in Figure 3.


SUPPORT INFORMATION


Optimized geometries of the reactants, products, and
transition state structures are available online in Wiley
InterScience at http://www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/.
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22. Rappé AK, Casewit CJ, Colwell KS, Goddard WA III, Skiff WM.
J. Am. Chem. Soc. 1992; 114: 10024–10035.


23. Krishnan R, Binkley JS, Seeger R, Pople JA. J. Chem. Phys. 1980;
72: 650–654.

J. Phys. Org. Chem. 2007; 20: 1043–1049


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 702–709
Published online 7 August 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1244

Carbanion reactivity; studies of s-adduct formation
from benzyltriflone anions and 4-nitrobenzofurazan
derivatives

Basim H. M. Asghary and Michael R. Crampton*


Chemistry Department, Durham University, Durham DH1 3LE, UK


Received 10 April 2007; revised 11 June 2007; accepted 19 June 2007

*Correspondence
University of Du
DH1 3LE, UK.
E-mail: m.r.cram
yCurrent address
P.O. Box 9569, M


Copyright # 200

ABSTRACT: 1H NMR studies in DMSO-d6 of the reaction of benzyltriflones, 2, with 4,6-dinitrobenzofuroxan, 4,
indicate the formation, with or without the presence of added base, of anionic s-adducts. Spectra obtained from
solutions of 2 and 4-nitrobenzofurazan, 6a, in the presence of triethylamine are consistent with products formed by the
elimination of trifluoromethylsulfinic acid from s-adducts initially formed by carbanion attack at the 5-position of 6a.
Kinetic studies of the latter reaction in methanol allow the determination of rate constants for nucleophilic attack by
the carbanions at the 5-position. The low value of b for these reactions together with the failure to observe reaction
with 1,3,5-trinitrobenzene suggest that the benzyltriflone anions have unusually large steric requirements. Copyright
# 2007 John Wiley & Sons, Ltd.

KEYWORDS: carbanions; nucleophilic reactivity; sigma-adducts; elimination reactions; 4-nitrobenzofurazan

INTRODUCTION


There is current interest in comparing nucleophilicities,1,2


particularly those of carbon nucleophiles. Mayr and co-
workers have used the reactions with a series of benz-
hydryl cations to assess the nucleophilicities of carba-
nions stabilised by acyl, ester, cyano and nitro-groups.3–5


Their results, although providing useful relationships,
show that relative nucleophilicities may be strongly
influenced by the solvent, e.g. methanol versus DMSO,
and that often there is a poor correlation between
nucleophilic reactivity and the pKa values of the
corresponding carbon acids.3–5 In related fashion Terrier
and co-workers have compared the electrophilicities of
some neutral electrophiles, such as 1,3,5-trinitrobenzene
and 4,6-dinitrobenzofuroxan, by measuring rate constants
for their reactions with some standard carbon nucleo-
philes in acetonitrile.6,7


This paper is concerned with assessing the effects of a
trifluoromethylsulfonyl group on carbanions in their
s-adduct forming reactions with nitrobenzofurazan
derivatives. It is known that the SO2CF3 group is strongly
electron-withdrawing and as judged by Hammett s

to: M. R. Crampton, Department of Chemistry,
rham, Science Laboratories, South Road, Durham


pton@durham.ac.uk
: Department of Chemistry, Umm Alqura University,
akkah, Saudi Arabia.


7 John Wiley & Sons, Ltd.

values8 is more effective than NO2 as a ring substituent in
stabilising anionic s-adducts. Thus the adduct 1 is more
stable by a factor of 106 than the trinitro analogue in
methanol.9


However, benzyltriflone has been shown10 to be less
acidic than phenylnitromethane by two pKa units in
DMSO and in water this difference is magnified mainly
due to the excellent solvation of the nitronate ion by
water.11 Detailed studies11–13 combining kinetic, thermo-
dynamic and NMR methods have shown that in
carbanions derived from benzyltriflones the negative
charge remains largely on the exocyclic Ca carbon atom
where it is stabilised by polarisation effects. The high
intrinsic reactivity, in the Marcus sense,14,15 associated
with the ionisation process is compatible with low
amounts of electronic and solvent re-organisation
accompanying carbanion formation.


Here we report 1H NMR studies in DMSO-d6 of the
s-adduct forming reactions of the carbanion 3b derived
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from the benzyltriflone 2b with electrophiles 4, 5 and 6a.
Kinetic results for the reactions of 3a,b,c with nitro-
benzofurazan derivatives 6a,b were obtained in methanol
to allow comparison of results with other carbanions.16–19


RESULTS AND DISCUSSION


1H NMR studies


The strongly electrophilic character of 4,6-dinitroben-
zofuroxan, 4, and its ability to form s-adducts with
weakly nucleophilic carbon centres are well known.20–26


Our spectra show that, even in the absence of added base,
the reaction of 4, 0.1mol dm�3, with 2b, 0.025mol dm�3,
in DMSO-d6 resulted in the appearance over several days
of new bands attributed to the anionic s-adduct 7. In 7

Table 1. 1H NMR dataa for 4, 2b and 7a,b in DMSO-d6


Compound


d


H7 H5 CHa H20,


4 9.26 8.95 — —
2b — — 5.45 7.75
7a 5.40 8.36 5.65 7.49
7b 5.28 8.39 5.57 7.53


a J values are in Hz.


Copyright # 2007 John Wiley & Sons, Ltd.

there are two chiral centres23 at C7 and Ca and two sets of
bands were observed in the intensity ratio 1.4:1 due to the
diastereoisomers 7a and 7b (only one enantiomer is
shown for each). Chemical shifts are shown in Table 1.
The spectrum, in Fig. 1, of a solution containing 4,
0.1mol dm�3, 2b 0.05mol dm�3 and triethylamine,
0.1mol dm�3, measured within 10min of mixing showed
that conversion of 2b to 7a and 7b was largely complete.
Little change in the spectrum occurred during 3 h and no
new bands attributable to a possible product of
elimination of trifluoromethylsulfinic acid were observed.


In contrast spectra of 1,3,5-trinitrobenzene, 5, in
DMSO-d6 containing 2b and triethylamine gave no
evidence of strong interaction. After several hours only
bands due to parent molecules were observed.


The spectrum of 4-nitrobenzofurazan, 6a, 0.04mol dm�3,
with 2b, 0.05mol dm�3, and triethylamine, 0.l mol dm�3,
measured within 15min of mixing is shown in Fig. 2.
Interestingly the spectrum does not correspond to that
expected19 for the s-adduct, 8a, but is attributable to 9a;
the product of elimination of trifluoromethylsulfinic acid
from 8a. Chemical shifts are shown in Table 2. Strong
coupling J¼ 10.4Hz is observed between H6 and H7

J57 77�CHa J20,3060 H30,50


— 2.0 — —
7.86 — — 8.0
7.73 <1.0 2.0 8.0
7.78 <1.0 1.6 8.0
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Figure 1. 1H NMR spectrum of 4, 0.1mol dm�3, 2b, 0.05mol dm�3, and triethylamine, 0.1mol dm�3, in DMSO-d6 measured
10min after mixing. The numbering corresponds to structures 7a and 7b
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while a weak interaction 5HH7Ha ¼ 1:2 Hz is observed
between the hydrogens at the 7 and a positions. This is
consistent with the long-range coupling associated with a
coplanar zig-zag arrangement of bonds.23 A weaker
interaction 4JH6Ha ¼ 0:8 Hz is observed between H6 and
Ha. The shifts of H6, H7 and Ha are similar to those19 of
the related alkene, 10, formed by the elimination of
nitrous acid from the nitroethane adduct of 6a. Further
justification that reaction occurs at the 5-position rather
than the 7-position will be given later.

Figure 2. 1H NMR spectrum, 400MHz, of 9a in DMSO-d6. The


Copyright # 2007 John Wiley & Sons, Ltd.

pKa values in methanol


Since kinetic measurements were made in methanol it
was necessary to determine pKa values of the benzyl
triflones in this solvent. Carbanions 3a,b,cwere generated
from the benzyltriflones 2a,b,c by reaction with sodium
methoxide in methanol, as shown in Eqn. (1). Values of
the ionisation ratio, IR, defined by Eqn. (2), were
determined


2a; b; cþMeO� Ð
K


3a; b; cþMeOH (1)


IR ¼ ½3�
½2� (2)


spectrophotometrically using the strong UV absorbance
of the benzyltriflone anions. Absorption maxima were at
290 nm for 3a, 315 nm for 3b and 340 nm for 3c.


In the case of the cyano derivative, 2c, ionisation could
be achieved using solutions of sodium methoxide in

small bands at d 7.85 are due to unreacted 2b
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Table 2. 1H NMR dataa for parent molecules, and 9a and 10 in DMSO-d6


Compound


d


J56 J67 JH7Ha JH6Ha J20,30H5 H6 H7 CHa H20,60 H30,50


6a 8.70 7.85 8.61 — — — 7.2 8.8 — — —
2b — — — 5.45 7.75 7.86 — — — — 8.0
9a — 6.44 7.30 7.08 7.70 7.73 — 10.4 1.2 0.8 8.8
10 — 6.71 7.23 7.65 — — — 10.0 — — —


a J values are in Hz.


ADDUCT FORMATION FROM BENZYLTRIFLONE ANIONS AND 4-NITROBENZOFURAZAN DERIVATIVES 705

methanol. Absorbance measurements are given in Table 3.
Since methoxide concentrations up to 0.5mol dm�3 were
used there is some deviation from ideal behaviour, so that
basicities were represented by an acidity function. For 2c,
a value of pKa¼ 16.0� 0.1 was obtained using


pKa ¼ JM � log IR (3)

Table 3. Ionisation of 2c in methanolic sodium methoxidea


[NaOMe]/mol dm�3 JM
b Abs,c 340 nm pKa


d


0.0167 15.15 0.204 16.04
0.0333 15.46 0.384 16.03
0.0500 15.66 0.548 16.02
0.0833 15.90 0.724 16.07
0.117 16.09 0.953 16.04
0.167 16.32 1.13 16.09
0.250 16.45 1.17 15.94
0.333 16.58 1.49 15.89


a Concentration of 2c is 4.2� 10�5mol dm�3.
b From Ref. 27.
c The limiting absorbance at high [NaOMe] is 1.80.
d Calculated as JM—log(Abs/1.80—Abs).


Table 4. Ionisation of 2b (4.2�10�5mol dm�3) and 2a
(6.67�10�5mol dm�3) in methanol-DMSO mixtures con-
taining sodium methoxide (0.025mol dm�3)


Mol % DMSO JM
a


2b 2a


Abs,
315 nm pKa


c
Abs,


290 nm pKa
c


0 15.32 0.012 — — —
3.9 15.70 0.025 17.41 — —
8.1 16.10 0.052 17.48 — —
12.5 16.60 0.159 17.45 — —
17.2 17.10 0.327 17.57 — —
22.2 17.54 0.585 17.46 0.0156 19.60
33.3 18.45 — — 0.114 19.62
36.3 18.72 1.19 — — —
39.4 19.02 — — 0.520 19.41
46.1 19.64 — — 1.160 19.40
53.3 20.19 1.30b — 1.59 —
61.0 20.88 — — 1.80 —
67.0 21.42 — — 1.80b —


aCalculated from values in Ref. 28.
b Taken as value for limiting absorbance at high basicity.
c Calculated from Eqn. (3).


Copyright # 2007 John Wiley & Sons, Ltd.

For 2a and 2b it was not possible to obtain high
conversion into the respective carbanions using methanol
alone. Here the basicity of the medium was increased
using methanol-DMSO mixtures.27 As before18 the
sodium methoxide concentration was kept constant at
0.025mol dm�3 and the ratio of DMSO to methanol was
varied. Both HM values, relating to proton loss, and JM
values, relating to base addition, are available27 for
solutions of sodium methoxide in methanol-DMSO. The
HM values reported in the literature were measured using
amine indicators, while the JM values were obtained from
the reaction, shown in Eqn. (4) of methoxide ions with
a-cyanostilbenes.28 This reaction involves formation of a
carbanion which resembles those formed by the
ionisation of the benzyltriflones. Hence these results
were used to reflect the basicities of the media used in the
present work. The results in Table 4 give a value of
pKa¼ 17.5� 0.1 for 2b and pKa¼ 19.5� 0.1 for 2a.

Kinetic measurements


These were made in methanol with 4-nitrobenzofurazan,
6a, and its 7-chloro-derivative, 6b, using carbanions
generated by reaction of the benzyl triflones 2a,b,c with
methoxide ions. Since methoxide ions themselves will
react with 6a and 6b to give s-adducts,29,30 and in the case
of 6b a substitution product,30 the concentrations of
methoxide were maintained at very low levels,
ca. 10�5mol dm�3, using bromophenol buffers.19,31


Under these conditions the UV/visible spectra show that
in the case of 6a the absorbance of the parent at 320 nm, e
9� 103 dm3mol�1 cm�1, is gradually replaced by a much
stronger absorption band in the visible region. The
absorption maxima of the products formed are with 3a
400 nm, 3b 409 nm and 3c 420 nm with values e
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Scheme 1. Reactions of benzyltriflone anions with 4-nitrobenzofurazans in methanol
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2.5–3.0� 104 dm3mol�1 cm�1. It is known that
s-adducts formed by either methoxide29 or carbanion18,19


attack at unsubstituted ring positions of 6a have maxima
at ca. 335 nm, e 1.5� 104 dm3mol�1 cm�1. Hence the
new bands are not simply due to this process. The shift to
longer wavelength and increase in absorbance are
compatible with the increased possibilities of delocalisa-

Table 5. Kinetic results for reactions of 6aa with 3a,b,c in meth


Benzyltriflone


[2a]/mol dm�3 [MeO�]eq
b/10�5mol dm�3 [3a]c/10�


0.053 5.5 7
0.033 5.5 4
0.053 2.6 3


[2b]/mol dm�3 [MeO�]eq
b/10�5mol dm�3 [3b]c/10�


0.012 5.5 1
0.007 5.5 1
0.012 2.6 0


[2c]/10�4mol dm�3 [MeO�]eq
b/10�5mol dm�3 [3c]c/1


5.7 5.5
3.3 5.5
5.7 2.6
a Concentration is 5� 10�5mol dm�3.
b Equilibrium methoxide concentrations in bromophenol buffers.
c Calculated using pKa values determined in this work.
d kobs/[3].


Copyright # 2007 John Wiley & Sons, Ltd.

tion in the products, 9, of elimination of trifluoromethyl-
sulfinic acid from the initially formed adducts, 8. Hence
we interpret our results in terms of Scheme 1.


Measurements at the absorption maxima of the
products showed good first-order kinetics with values
of rate constants, kobs, given in Table 5. The amplitudes of
the absorbance change did not depend on the carbanion

anol at 258C


9mol dm�3 kobs/10
�5 s�1 k5


d/104 dm3mol�1 s�1


.6 9.8 1.3


.8 7.8 1.6


.6 5.9 1.6


7mol dm�3 kobs/10
�4 s�1 k5/10


3 dm3mol�1 s�1


.7 7.5 4.4


.0 4.7 4.7


.82 3.6 4.4


0�7mol dm�3 kobs/10
�4 s�1 k5/10


3 dm3mol�1 s�1


2.6 3.6 1.4
1.5 2.3 1.5
1.2 1.9 1.6
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Table 6. Kinetic results for the reaction of 6ba with 3b in methanol at 258C


[2b]/mol dm�3 [MeO�]eq
b/10�5mol dm�3 [3b]c/10�8mol dm�3 kobs/10


�3 s�1 k5
d/104 dm3mol�1 s�1


0.012 2.6 8.2 1.2 1.5
0.007 2.6 5.1 0.7 1.4
0.005 5.4 7.5 1.1 1.5


a Concentration is 5� 10�5mol dm�3.
b Equilibrium methoxide concentration in bromophenol buffers.
c Calculated using pKa¼ 17.5 for 2b.
d kobs/[3b].
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concentration indicating that reactions went to com-
pletion. There is no spectroscopic evidence for build up in
the concentration of the s-adduct intermediates, 8, and
application of the steady-state principle leads to Eqn. (5).
The results in Table 5 show that values of kobs show a
linear dependence on the equilibrium


kobs ¼ k5½3� �
kel½MeO��


kel½MeO�� þ k�5


(5)


kobs ¼ k5½3� (6)


concentrations of the carbanion present but are not
directly dependent on the equilibrium methoxide con-
centrations. These dependences correspond to the
condition kel[MeO�] � k�5, so that Eqn. (5) reduces
to Eqn. (6). This indicates that nucleophilic attack by
carbanions on the nitrobenzofurazans is rate limiting so
that the slopes of plots of kobs versus [3] give values of k5.
We note that if elimination were rate determining values
of kobs would be expected to show dependences on both
carbanion and methoxide concentrations, which is not the
case. Also the reactions are first order in the benzofurazan
concentration showing that formation of carbanions 3
from 2 and methoxide is not rate determining. If this were
the case then a zero-order dependence on benzofurazan
concentration would be expected.


7-chloro-4-nitrobenzofurazan, 6b, shows an absorption
maximum at 337 nm, e 1.1� 104 dm3mol�1 cm�1. In
buffered solutions containing the carbanion 3b a new
band slowly develops at 405 nm with an excellent
isosbestic point at 360 nm. Kinetic data are shown in
Table 6.

Table 7. Summary of kinetic and acidity data in methanol


Carbanion pKa
a


3a 19.5
3b 17.5
3c 16.0
11b 19.3
12c 15.6


aValues for corresponding acids.
b Data from Ref. 18.
c Data from Ref. 19.


Copyright # 2007 John Wiley & Sons, Ltd.

However in solutions containing 1,3,5-trinitrobenzene,
5, methoxide and benzyltriflones there was no evidence
for the formation of any species other than the methoxide
adduct with lmax 425, 495 nm.

Comparisons


Both the NMR spectra and the kinetic results for reaction
of nitrobenzofurazans with 3 indicate that the elimination
of trifluoromethylsulfinic acid from the initially formed
s-adduct intermediates is a relatively rapid process.
Nevertheless, the kinetic data allow the determination of
rate constants for nucleophilic attack and these are
summarised in Table 7. The usual behaviour of
4-nitrobenzofurazan and its derivatives in reactions with
nucleophiles is that 5-adducts are kinetically favoured
while the isomeric 7-adducts are thermodynamically
more stable.18,19,29,30,32,33 The kinetic results in Table 7
are also in accord with reaction at the 5-position. Thus,
the threefold faster reaction of carbanion 3b with 6b
(where reaction is unlikely to be observed at the
7-position)19,34 than with 6a is consistent with the
electronic effect of the 7-chloro substituent exerted at
the 5-position.19,30,32


We have shown recently19 that in reactions with
nitroalkane anions in methanol the electrophilicities of
1,3,5-trinitrobenzene, 5, and 4-nitrobenzofurazan, 6a, are
similar. Thus the lack of reaction of 5 with the carbanions
3 is surprising. It is likely to be due to the large bulk of
benzyltriflone anions which would result in unfavourable
steric interactions in adducts from 5 where reaction must

k5/dm
3mol�1 s�1


6a 6b


1.5� 104 —
4.5� 103 1.5� 104


1.5� 103 —
1.4� 108 —


300 —


J. Phys. Org. Chem. 2007; 20: 702–709


DOI: 10.1002/poc







708 B. H. M. ASGHAR AND M. R. CRAMPTON

occur at a ring carbon flanked by two nitro groups. Some
steric strain has previously19 been inferred in the adduct
formed from 5 and the 2-nitropropenide anion. The
7-position of 4,6-dinitrobenzofuroxan, 4, is likely to be
more hindered than the 5-position of 6, but the very high
electrophilicity of 4 ensures that adduct formation with 3
is observed.


Further evidence for the high steric requirements of the
benzyltriflone anions comes from a linear plot, not shown,
of values in Table 7 of log k5 versus pKa. The slope, b, of
the plot is 0.3 which is likely to indicate that bond
formation in the transition state for reaction is not well
advanced in what is likely to be a strongly favourable
reaction. Our results do not allow the determination of the
intrinsic reactivity,14,15 in the Marcus sense, for reaction
of the carbanions, 3, with 6. However, since the negative
charge in 3 will not be strongly delocalised11–13 values of
intrinsic reactivity are likely to be relatively high. It is
interesting to compare the values, in Table 7, of rate
constants for reaction of 6a with carbanions 3 with
corresponding values for reaction with benzyl cyanide
anions, 11, and nitroalkane anions, 12. The value of k5 for
reaction of the carbanion, 11, form 4-cyanobenzylcyanide
(pKa 19.3 in methanol) is 104 times higher than the value
for 3a, pKa 19.5. In both 3a and 11 the negative


charge is likely to be localised at the carbon centre,35 so
the much lower reactivity of 3a may be ascribed to steric
factors. In fact the nucleophilicity of carbanions 3 is quite
similar to that of the nitroalkane anions, such as 12, whose
reactivity is drastically reduced by strong solvation by
methanol. These results show that both effects of
solvation and steric factors need to be considered when
interpreting nucleophilicities.


It is known that adducts formed form 4 and 6 with
nitroalkane anions will form alkene derivatives by loss of
nitrous acid.19,23 The mechanism is likely to involve
base-catalysed elimination36 and some rate constants for
methoxide catalysed reactions have recently been
published.19 Our results show that adducts 8will similarly
eliminate trifluoromethylsulfinic acid, HSO2CF3.
Although our measurements do not allow the determi-
nation of rate constants for this process, the failure to
observe the s-adduct precursors suggests that elimination
is a relatively facile process. There is likely to be some

Copyright # 2007 John Wiley & Sons, Ltd.

correlation between the ‘leaving group ability’ of anions
and the pKa values of the corresponding acids—the lower
the pKa value the better the leaving group. Although the
pKa value of trifluoromethylsulfinic acid has not been
determined it is likely to be considerably lower than that
of nitrous acid, pKa¼ 3.3 in water, confirming
that SO2CF3


� will be a ‘good’ leaving group.
The NMR results indicate that, in contrast to the adduct


8, the adduct 7 is resistant to elimination. This may be due
to steric congestion at the reaction centre in 7 which
hinders the approach of the base present, triethylamine.

EXPERIMENTAL


Nitro-compounds 4, 5, 6a and 6b were available from
previous work.21,32 The benzyltriflones 2a, 2b and 2c
were prepared as previously reported11,37,38 by refluxing
the appropriately substituted benzylbromide with potass-
ium triflinate in acetonitrile for 6 h using potassium iodide
as a catalyst; 2a, m.p. 1008C (literature value37 1038C)
1H NMR (DMSO-d6, 400MHz) 5.25 (2H, s, CH2), 7.47
(5H, m, C6H5), 2b, m.p. 1008C (literature value38 958C),
1H NMR (DMSO-d6, 400MHz) 5.45 (2H, s, CH2), 7.72
(2H, d, J 8.2Hz, H2 and H6), 7.86 (2H, d, J 8.2Hz, H3
and H5), 2c m.p. 1198C, 1H NMR (DMSO-d6, 400MHz)
5.52 (2H, s, CH2), 7.75 (2H, d, 8Hz, H2 and H6), 8.02
(2H, d, 8Hz, H3 and H5). Solutions of sodium methoxide
were prepared by dissolving clean sodium in AnalaR
methanol under nitrogen. Solutions containing very low
equilibrium concentrations of methoxide ions were
prepared using buffers prepared from 4-bromophenol
whose pKa value31 in methanol is 13.61. All other
materials and solvents were the purest available
commercial samples.


1H NMR spectra in DMSO-d6 were recorded at 228C
using a Bruker Avance-400MHz instrument. UV-visible
spectra and kinetic measurements were made at 258C
with a Shimadzu UV-2101 PC spectrophotometer. First-
order rate constants, precise to�5%were evaluated using
standard methods.
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ABSTRACT: In this paper we report the effect of dicationic ‘gemini’ surfactants (CH3)2C16H33Nþ—(CH2)m—
NþC16H33(CH3)2, 2Br� (where m¼ 4, 5, 6) on the reaction of ninhydrin with DL-tryptophan. The gemini surfactant
micellar media are comparatively more effective than their conventional monomeric counterpart cetyltrimethyl-
ammonium bromide (CTAB) micelles. Also, whereas typical rate constant (kc) increase and leveling-off regions, just
like CTAB, are observed with geminis, the latter produce a third region of increasing kc at higher concentrations.
These subsequent increases are ascribed to changes in micellar morphologies, consistent with changes in 1H NMR line
widths. Quantitative kinetic analysis of the rate constant–[surfactant] data has been performed on the basis of modified
pseudophase model. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: micellar kinetics; cationic gemini surfactants; ninhydrin; tryptophan

INTRODUCTION


Ninhydrin is the well known fingerprint developing agent
and is widely used reagent for estimation of amine
functionality.1–5 Since its use depends on the formation of
purple-colored diketohydrindylidenediketohydrindamine
(DYDA, also known as Ruhemann’s purple, lmax¼ 400
and 570 nm)2, several attempts, that include coordination
of amino acids with metal ions, change of solvent,
pretreatment of enzymes, addition of surfactants, etc.,6


have been made in order to enhance the usefulness of the
method.7 Regarding the effect of surfactants we have
successfully demonstrated that both the ninhydrin–amino
acid and ninhydrin–metal amino acid complex reactions
are catalyzed by the surfactant micelles. In the studies we
used traditional (single hydrocarbon chain/single polar
head group) surfactants, the so-called ‘conventional’
ones. Recently, a new class of surfactants called ‘dimeric’
or ‘gemini’, consisting of two hydrophobic alkyl tails and
two polar, or ionic, head groups covalently linked through
a flexible or rigid spacer,8–10 has been introduced which
are attracting current attention in the area of surfactant
science because of displaying a number of unique
properties (e.g., very low critical micelle concentration
(cmc), high viscoelasticity, superior surface activity,
better wetting, unusual morphologies, etc.). Micellar
morphologies and properties of the gemini surfactants are
found to be significantly dependent on the nature of the
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hydrophobic tail, head group, and spacer. Surprisingly,
despite a large body of information being available on the
physico-chemical aspects of gemini surfactants and the
assemblies they form, studies of their effects upon
reaction rates have not attracted due attention. For this
reason we have performed kinetic studies of the
ninhydrin–DL-tryptophan reaction in the presence of
three dicationic gemini micelles (Fig. 1). For comparison,
the effect of the cationic surfactant cetyltrimethylammo-
nium bromide (CTAB), which can be considered as
‘monomeric’ counterpart of the above geminis, has also
been examined under similar kinetic conditions.6c The
reason for choosing this particular reaction is that the
mechanism in water,11 in different solvent media,6h and in
the presence of CTAB surfactant6c system is well
established. It is important to mention here that under
the same reaction conditions no color developed in the
absence of gemini surfactants or in the presence of CTAB
micelles,6c whereas a small concentration (below cmc) of
the geminis was sufficient to accelerate the rate of the
reaction. The work was undertaken in the hope that the
use of gemini surfactants may allow the use of low
concentrations of the reactants (ninhydrin and amino
acid) as well as maximize the rate, thus, enhance the
sensitivity of the technique/reaction.

RESULTS AND DISCUSSION


Though the general mechanism of the ninhydrin reaction
is well known, it is necessary to describe its salient
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Figure 1. The surfactants used in the present study
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features. Carbon dioxide, aldehyde, ammonia, hydrin-
dantin, and Ruhemann’s purple are the products of the
reaction5 that proceeds through the formation of a Schiff
base which is unstable and undergoes decarboxylation
and hydrolysis to yield 2-amino-indanedione (A) as a
stable intermediate (Scheme 1). This intermediate acts as
a reactant in the formation of ammonia and Ruhemann’s
purple and the two reactions (i.e., hydrolysis by route (i)
and condensation by route (ii)) occur simultaneously.
Reactions of both the routes strongly depend upon
conditions like pH, presence of atmospheric oxygen,
temperature, etc. A yellowish-colored product is formed
(instead of Ruhemann’s purple) in the presence of
atmospheric oxygen, as A is highly sensitive to molecular
oxygen. At low pH, chiefly route (i) is followed and
ammonia is evolved almost quantitatively with no
Ruhemann’s purple formation while route (ii) predomi-
nates at pH� 5.0.


Relevant equilibria involving the reactant species are
also shown in Scheme 1. As regards the reactive species
of DL-tryptophan (as a matter of fact, any a-amino acid), it
has been argued on several occasions6 that, toward
nucleophilic attack on the >C——O group of ninhydrin
(N), it is RCH(NH2)COOH, which is in equilibrium with
the zwitterionic form RCH(NþH3)COO� (Scheme 1).

Rate–[surfactant] profiles for kinetics of
ninhydrin with DL-tryptophan


As already mentioned, no purple color developed with
[ninhydrin]¼ 5.0� 10�3 mol dm�3 and [tryptophan]¼
1.0� 10�4 mol dm�3 at pH¼ 5.0 and temp.¼ 70 8C
either in pure aqueous or [CTAB]¼ 20.0�
10�5 mol dm�3 (however, the reaction did occur at
[CTAB]� 5.0� 10�3 mol dm�3 (cmc of CTAB¼
13.7� 10�4 mol dm�3 at 70 8C) and it had been studied
in detail6c). With the 16-m-16 geminis the reaction
occurred at a surfactant concentration as low as
20.0� 10�5 mol dm�3; therefore, detailed kinetic inves-
tigations were made with the three geminis (m¼ 4, 5, 6)
only.


The pseudo-first-order rate constants (kc, s�1) for
the title reaction were determined in micellar media at
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several gemini surfactant concentrations. Figure 2 shows
the variation of kc with surfactant concentrations. With
conventional surfactants, kc had been found to increase
monotonically and after the substrates completely bind
the micelles, it attained constant values (for monomo-
lecular reactions) or passed through a maximum (for
bimolecular reactions) with increasing [surfactant].12–16


In the present case, however, with the gemini surfactants,
kc first increases with surfactant concentration (part I),
remains constant upto certain concentration (part II –
parts I and II behavior is akin to conventional surfactant
micelles),12–16 and then again increases (part III). In part
I, at concentrations lower than the cmc, kc should remain
constant. The observed catalytic effect may, therefore, be
due to (i) presence of premicelles and/or (ii) preponement
of micellization by reactants17 (as is also confirmed by
cmc decrease at reaction conditions, Table 2).


Whereas no reaction has been observed in range II with
conventional surfactant (CTAB),6ckc remains constant
upto 40.0� 10�4 mol dm�3 for gemini surfactants. This
undoubtedly shows better catalyzing power of the
gemini surfactants over the corresponding single chain
surfactants. This could be due to the presence of spacer in
the geminis which decreases the water content in the
aggregates making the environment less polar and thus
causing rate increases (see Scheme 1 – route (i) may get
suppressed). Menger et al. 18 have already concluded that
due to proximity of positive charges in gemini micelles
anion binding at surfaces is increased at the expense of
binding of H2O. The behavior in part II is same for all the
three geminis but values of kc at all concentrations are in
the order: m¼ 4> 5> 6 (Fig. 3). This is not for the first
time but best results with 16-4-16 were obtained earlier
also.20 It is well known that, to minimize its contact
with water, a spacer longer than the ‘equilibrium’ distance


between two�N
þ


Me2 head groups (the ‘equilibrium’
distance occurs at m¼ 4 in 16-m-16 geminis) tends to
loop towards the micellar interior.20,21 This increased
looping of the spacer (for m> 4) will progressively make
the Stern layer more wet (in comparison with the m¼ 4
gemini) with a resultant decrease in kc. Thus the results
are consonant with the earlier findings that increase in the
water content of the reaction environment has an
inhibiting effect.6e,f,g,22


The results of part III are most interesting: instead of kc
remaining constant, it increases (though slowly) in the
surfactant concentration range 40.0� 10�4–300�
10�4 mol dm�3. After leveling-off, further increase at
higher [gemini] is probably associated with a change of
micellar structure. That structural changes indeed occur at
higher [gemini] are confirmed by examining the 1H NMR
spectra of the surfactants. Whereas chemical shifts with
increase in concentration of surfactants remain almost
invariant, increases of line width at half-height (lw)
signals of hydrogens of —NþCH3 segment are seen
(Fig. 4). The broadening is consonant with the
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literature evidence for transition to larger aggregates.24,25


Obviously, changes in aggregate morphology provide
different reaction microenvironments (less polar), hence
the kc increases at higher [gemini] (Fig. 2).

Scheme 2

Analysis of kc – [gemini] data


The observed catalytic role of gemini micelles (upto
range II) can be explained in terms of the modified
pseudophase model14,26,27 (Scheme 2) originally pro-
posed by Menger and Portnoy.28
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Figure 2. Variation of kc for the reaction of DL-tryptophan (1.0� 10�4mol dm�3) with ninhydrin (5.0� 10�3mol dm�3) in the
presence of 16-m-16 gemini micelles at 70 8C. m¼6 ( ), 5 ( ), 4 (*)


Table 2. Critical micelle concentration (cmc) values of gemin
(1.0�10�4mol dm�3) and ninhydrin (5.0�10�3mol dm�3)


Solution


16-6-16


30 8C 70 8C


Water 4.37(4.46)a 5.55
DL-Tryptophan 4.10 5.0
Ninhydrin 2.55 4.85
Tryptophanþ ninhydrin 2.35 4.40


a Determined from surface tension measurements.


Table 1. Values of binding constants (KS, KN) and k’m for
the reaction of ninhydrin (5.0� 10�3mol dm�3) with
DL-tryptophan (1.0� 10�4mol dm�3) in presence of CTAB
and gemini surfactants at 70 8C


Surfactant


Parameter


KS


(mol�1 dm3)
KN


a


(mol�1 dm3) 102k0m (s�1)


CTAB6c 59 100 0.055
16-6-16 68 70 6.44
16-5-16 70 75 6.82
16-4-16 72 79 7.20


a For calculation details see Ref. 6i.
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w and m represent the aqueous and micellar
pseudophase, respectively, and Dn is the micellized
surfactant. Neglecting kw (as no purple color developed in
the aqueous medium6c), the first-order rate equation
according to Scheme 2 is given by


kc ¼ kmKS½Dn�
1 þ KS½Dn�


(3)


The first-order rate constant in micellar (km) pseudo-
phase is related to the second-order rate constant in the
micellar (k0m) pseudophase by


km ¼ ðk0m½ðninÞm�Þ
½Dn�


¼ k0mM
S
N (4)

i surfactants in absence and presence of DL-tryptophan


105cmc (mol dm�3)


16-5-16 16-4-16


30 8C 70 8C 30 8C 70 8C


3.63(3.60)a 5.40 2.83(2.63)a 4.75
3.0 3.40 2.40 2.50
2.45 2.80 1.25 1.50
2.00 2.40 1.00 1.25
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Figure 3. Dependence of kc as a function of the spacer chain length (m-value) of 16-m-16 gemini micelles for the reaction of
DL-tryptophan (1.0� 10�4mol dm�3) with ninhydrin (5.0�10�3mol dm�3) at 70 8C. [geminis]¼ 2.5�10�3mol dm�3
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where MS
N (¼[(nin)m]/Dn) is the mole ratio of ninhydrin


bound to micellar head group.
Equation (3) can be written as Eqn (5) when km value is


substituted from Eqn (4)


kc ¼ k0mKS½Dn�MS
N


1 þ KS½Dn�
(5)


Values of k0m and binding constant KS were obtained
using a computer-based program6b and are given in
Table 1. The data in Table 1 reveal that the binding
constant (KS) for the substrate is larger with 16-4-16
gemini micelles compared to that with 16-5-16, 16-6-16,
and CTAB. The second-order rate constants in the
micellar pseudophase, k0m, are also higher in the 16-4-16
gemini micelles. Taken together, these results confirm
significantly enhanced reaction rates in 16-m-16 gemini
micelles for the ninhydrin–DL-tryptophan reaction.


Finally, we can conclude that unlike conventional
single chain surfactants which show a constancy in kC, it
again increases with the 16-m-16 type gemini surfac-
tants. 1H NMR spectra show a broadening in peaks at
these later concentrations. Both kinetic and 1H NMR
results indicate that larger aggregates are forming at
these surfactant concentrations due to which a less polar
environment is available for the reaction to proceed.
Hence, kC increases at high gemini surfactant concen-
trations.

Copyright # 2007 John Wiley & Sons, Ltd.

EXPERIMENTAL SECTION


Materials


Ninhydrin (E. Merck, India, 99%), DL-tryptophan
(SISCO, India, 99%), CTAB (BDH, England, �99%),
1,6-dibromohexane (Fluka, �97%), 1,5-dibromopentane
(Fluka, �98%), 1, 4-dibromobutane (Fluka, �98%), N,
N-dimethylhexadecylamine (Fluka, �95%), ethyl acetate
(HPLC and spectroscopy grade, 99.7%), n-hexane (HPLC
and spectroscopy grade, 99.0%), and ethanol absolute (E.
Merck, Germany, 99.8%) were used as received. The
stock solutions of tryptophan, ninhydrin, and geminis
were prepared in CH3COONa–CH3COOH buffer
solution (pH 5.0) which was prepared by mixing
30 cm3 of 0.2 mol dm�3 acetic acid and 70 cm3 of
0.2 mol dm�3 sodium acetate.29 D2O (99.9%) was an
Aldrich product.

Synthesis


The gemini surfactants were synthesized by refluxing the
corresponding a, v-dibromoalkanes (m¼ 4, 5, 6) with
N, N-dimethylhexadecylamine (molar ratio 1:2.1) in dry
ethanol at 80 8C for 48 h. The solvent was removed under
vacuum and the solid thus obtained was recrystallized
four to five times from hexane/ethyl acetate mixture to
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Figure 4. Line widths of the signals from the protons of the N-methyl groups of 16-m-16 geminis plotted against different
concentrations.m¼6 ( ), 5 ( ), 4 (*). Solutions of 16-4-16 became too viscous at higher concentrations and, therefore, results
are compared at lower concentrations (see inset)
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obtain pure surfactants. The gemini surfactants were
characterized and gave satisfactory 1H NMR and C, H, N
data. The main features and peaks were similar as
reported previously.21

NMR spectra


NMR spectra for characterization of synthesized
materials were recorded in CDCl3 on a Bruker Cryo-
magnet spectrometer working at 300 MHz, with
1H chemical shifts relative to internal TMS. Other
NMR spectra in D2O for different sample solutions were
recorded on the same instrument.

Surface tension measurements


The surface tension was measured by a Du Nouy type
tensiometer (Hardson and Co., Kolkata) at 35 8C. The
cmc values were estimated as intersections of two linear
segments, above and below the cmc, of surface tension

Copyright # 2007 John Wiley & Sons, Ltd.

versus log[surfactant] plots. Also, presence of no
minimum in the surface tension versus log[surfactant]
plots was taken as additional evidence regarding the
purity of the geminis.30

Determination of cmc by conductivity
measurements


Conductivity measurements were used to determine the
cmc values (bridge: ELICO, Hyderabad, India, TYPE
CM 82T, cell constant¼ 1.02 cm�1). The conductivity of
the solvent was first measured. Then small volumes of the
stock solution of surfactant were added. After complete
mixing, the conductivities were recorded. The specific
conductance was then calculated by applying solvent
correction. The cmc values of CTAB and gemini
surfactants in the presence and absence of reactants
were obtained from the break points of nearly two straight
lines of the specific conductivity versus [surfactant]
plots.31 The experiments were carried out at 30 and 70 8C
under varying conditions, that is, waterþ tryptophan,
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waterþ ninhydrin, waterþ tryptophanþ ninhydrin. The
results are recorded in Table 2.


Kinetics


The kinetic experiments were performed under nitrogen
atmosphere with pseudo-first-order reaction conditions of
[ninhydrin]> [DL-tryptophan]. The reaction was studied
spectrophotometrically by monitoring the appearance
of purple color (vide infra) as a function of time at
570 nm using a Bausch & Lomb Spectronic 20
spectrophotometer. A three-necked reaction vessel (fitted

Figure 5. Absorption spectra of the reaction product of DL-
10�3mol dm�3) in aqueous micellar media at 70 8C. (a) In
20.0� 10�5mol dm�3, (c) in presence of [16-6-16]¼20.0�
10�5mol dm�3, (e) in presence of [16-4-16]¼20.0�10�5mol d
(b), (h) after boiling solution (e)


Copyright # 2007 John Wiley & Sons, Ltd.

with double-walled condenser to check evaporation)
containing required volumes of DL-tryptophan and
surfactant was kept immersed in an oil-bath thermostatted
at the desired temperature (�0.1 8C). For stirring and to
maintain an inert atmosphere, pure nitrogen gas (free
from CO2 and O2) was bubbled through the reaction
mixture. The reaction was initiated by rapid addition of
known amount of thermally equilibrated ninhydrin
solution. The pseudo-first-order rate constants (kC, s�1)
were calculated up to 80% completion by using kC ¼
ð2:303=tÞ log ðA1 � A0Þ=ðA1 � AtÞf g with the help of a
computer program.

tryptophan (1.0�10�4mol dm�3) with ninhydrin (5.0�
absence of surfactant, (b) in presence of [CTAB]¼


10�5mol dm�3, (d) in presence of [16-5-16]¼20.0�
m�3, (f) after boiling solution (a), (g) after boiling solution
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Identification of the product


In order to confirm whether the same colored product is
formed in the absence and presence of surfactants (CTAB,
geminis), absorption spectra of the reaction mixture, that
is, [tryptophan]¼ 1.0� 10�4 mol dm�3, [ninhydrin]¼
5.0� 10�3 mol dm�3, [gemini]¼ 20.0� 10�5 mol dm�3,
and pH¼ 5.0 at 70 8C were taken at the end of the
reactions. These results are shown as absorbance-
wavelength profiles in Fig. 5. The absorption maxima
were found at lmax¼ 400 and 570 nm, which clearly
indicate that the same purple-colored reaction product
(Ruhemann’s purple) is formed in each case due to the
strong association between the purple-colored product
and gemini micelles. In presence of CTAB micelles no
color developed under the similar reaction conditions;
however, at increased [CTAB] (5.0� 10�3 mol dm�3),
color developed at 70 8C and pH¼ 5.0 and in this case
also the absorption maxima were at the same wavelengths
(400 and 570 nm).6c No change in the absorption maxima
in the absence as well as presence of CTAB/gemini
surfactants leads to the conclusion that the same product
is formed in each case (Fig. 5).
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ABSTRACT: Modification of peptides to produce peptidomimetics is of great interest, with the aim of designing
potent, selective, and metabolically stable analogs having certain conformational properties. Organoboranes have
been reported in the literature with a wide range of therapeutic applications. One of the therapeutically important class
of molecules is amine-carboxyboranes derived from amino acids by replacement of the Ca atom of an amino acid/
peptide by boron. The conformational preferences of these peptides, with respect to backbone v, f, and c torsion
angles, have been investigated by theoretical calculations. The amide bond in these molecules has the same geometry
in the ground and transition states as the natural peptides. However, the boron isosteres of glycine and alanine peptides
are less structured than their natural derivatives, but are distinguished by structures with a positive value for the f
angle, which is normally disfavored for natural peptides. This property could be used to build peptides with a geometry
not usually seen in natural peptides. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: boron isostere of Ca atom of peptides; ab initio calculations; PES and peptide conformations

INTRODUCTION


Boron has been used extensively in amino acids and
peptides as an isosteric replacement to modify their
conformational properties and to improve their stability.
These organoboranes have a wide range of therapeutic
applications.1 The replacement of the carbonyl group in
peptides by B—OH leads to ‘peptide boronic acids’ (1,
Scheme 1) and ‘peptide boronamides’ (2, Scheme 1).
These molecules are among the most potent serine
protease inhibitors with therapeutic applications in
various diseases via inhibition of thrombin, proteasome,
dipeptidyl peptidase IV, chymotrypsin, leucocyte elas-
tase, pancreatic elastase, Hepatitis C virus NS3 protease,
and penicillin-binding protein.2–6 These molecules have
been studied by both X-ray crystallography and NMR.7,8


We have reported in a series of papers the remarkable
effects of the isosteric replacement of the C——O and
N—H groups of peptides by boron, on the electronic
properties, the geometry, and conformations of pep-
tides.9–13 The replacement of the N—H group
by B—H causes a shift in the v torsion from 1808 in
natural peptides to 908 in the boron isostere. It has been
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observed that modifying the B—H bond as B—OH and
further as B—OCH3 is able to induce a change in the
conformation of the peptide backbone from a random
coil-like state to a more ordered secondary structure.
Further, these peptides also exhibit conformations in the
‘disallowed regions’ of the Ramachandran map. The
isosteric replacement of the C——O group by B—OH
retains the geometry and barrier of the ‘v angle’ making it
an important surrogate for the peptide bond with the
distinct advantage of being stable to proteolytic
enzymes.9


BH�
2 and BH� are isoelectronic with CH2 and CH,


respectively, and this property has been exploited in
the design of boron analogs of amino acids, for
example R3N�BH2CO2H.


14 These molecules are termed
as ‘amine-carboxyboranes’ or boron analogs of dipolar
forms of a-amino acids. The molecule [CH2NMe2�BH2-


CONHEt]2 has good anti-neoplastic activity
15 and can be


viewed as a peptide with the Ca atom replaced by
boron.N-[(Trimethylamine-boryl-carbonyl]-L-tryptopha-
n methyl ester (3, Scheme 1) and N-[(Trimethylamine-
boryl)-carbonyl]-L-histidine methyl ester (4, Scheme 1)
are peptides derived by replacing the Ca atom by boron,
and exhibit anti-tumor activity.16 The boron atom, in these
molecules, is tetravalent and the amine is generally
primary, secondary, or tertiary. The amine-carboxy-
boranes derived from amino acids and peptides contain-
ing these moieties exhibit anti-cancer activity through
various mechanisms that involves inhibition of various
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Figure 1. Minima and transition states for rotation of v
angle on PES of ANB
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enzymes like topoisomerase II phosphorylase, phosphor-
ibosylpyrophosphate amidotransferase, inosine mono-
phosphate dehydrogenase, and dihydrofolate reductase.1


The simplest of the amine-borane complexes – NH3�BH3


has been extensively investigated by both experimental
and theoretical methods.17–19 There are few reports
on experimental and theoretical studies on ‘amine-
carboxy boranes’ like NH3�BH2CO2H.


20 However, there
are only limited literature reports of ‘amine-carbox-
yboranes’ that resemble peptides. The synthesis of these
‘amine-carboxyboranes’ is straight forward and has been
reported in the literature.14,15


In this paper, we report the geometry, conformations,
and electronic properties of peptides where the Ca atom is
replaced by boron using ab initio and density functional
methods. N-Methylacetamide (NMA, Scheme 2) is a
well-established peptide model to study the backbone v
angle of peptides.21 Amine-N-methylcarbamoylborane
(ANB, Scheme 2) represents the minimum structure to
study the v angle in the amine-carboxyborane analog of
NMA. Replacing the ammonium group by methylamine in
ANB leads to methylamine-N-methyl-carbamoylborane
(B-Gly) which is an isostere of DMGA [N,N0-Dimethyl
glycinamide] or DMGAþ [protonated DMGA], the
corresponding natural peptides (Scheme 2). The natural
peptides DMGA and DMGAþ and their boron isostere
B-Gly are achiral. The smallest peptide with chirality at
the Ca centre is N,N0-Dimethyl alaninamide, in its neutral
and protonated state DMAA and DMAAþ, respectively
(Scheme 2). The boron analog of these peptides is B-Ala
(Scheme 2).

COMPUTATIONAL DETAILS


Ab initio molecular orbital22 and density functional
theory23 calculations have been carried out using the
Gaussian 03W (revision C.01)24 package running on
a 3.0GHz Pentium IV processor with 1GB RAM.
The stability of all wavefunctions was checked at the
HF,25 Becke’s three parameter exchange functional

Table 1. Energies (a.u.) and relative energies (kcalmol�1) of vario
B3LYP, and MP2 levels of theory with the 6-31þG� basis set


NIMAG PG


HF/6-31þG� B3L


a.u.a rel.b a.


GM 0 C1 �289.3250963 0.0 �291.1
LM 0 C1 �289.3214552 2.3 �291.1
vTS1 1 C1 �289.2872459 21.5 �291.1
vTS2 1 C1 �289.2910572 19.1 �291.1


NIMAG¼ number of imaginary frequency, PG¼ point group, GM¼ global min
a Zero-point vibrational energy corrected values.
b Relative energy in kcalmol�1.
c Torsion angle in degrees.
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and the gradient corrected functional of Lee, Yang,
and Paar (B3LYP).26–28 Second-order Møller-Plesset
MP2(full)29,30 calculations were also carried out with
the 6-31þG� basis set for all ground and TS structures.


The v and c angles in ANB are defined by the
sequences B—CO—N—C and N—B—CO—N, respect-
ively. The c angle was fixed in an ‘extended confor-
mation’ (1808) as observed in a crystal structure of a
structurally related molecule Me3N�BH2CO2H (angle
N—B—CO—O).31 With c of 1808, a scan in increments
of 308 of the v torsion angle was carried out at the HF/
6-31þG� level of theory. Conformations with an v value
of 08 and 1808were found to be the lowest in energy. Now,
for each conformation with v value of 08 and 1808,
respectively, a c scan in increments of 308 was run at the
HF/6-31þG� level of theory. The minima and saddle
points for rotations about the v torsion were thus
identified. All these conformations were further opti-
mized at the B3LYP and MP2 levels of theory with the
same basis set, and the conformations confirmed by
frequency calculations, which returned one imaginary
frequency for each transition state and all positive
frequencies for each ground state.

us minima and transition states on the PES of ANB at the HF,


YP/6-31þG� MP2(full)/6-31þG�


u.a rel.b a.u.a rel.b vc


376045 0.0 �290.2187843 0.0 1778
357007 1.2 �290.2098186 5.6 �88
016941 22.5 �290.1834600 22.2 568/�568
041077 21.0 �290.1863951 20.3 1248/�1248


imum, LM¼ local minimum.
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Table 2. Bond length (Å) and bond angles (degrees) of
minima and TS of ANB optimized at the MP2(full)/
6-31þG� level of theory


Parameter GM LM vTS1 vTS2


NB 1.625 1.625 1.629 1.639
BC 1.621 1.623 1.616 1.601
CO 1.264 1.264 1.240 1.244
CN 1.353 1.355 1.450 1.451
NC 1.453 1.452 1.475 1.474
BH 1.210 1.211 1.211 1.208
NBC 100.8 100.8 102.6 102.9
BCO 121.1 120.4 121.3 123.2
OCN 119.3 119.1 117.8 120.3
CNC 122.4 124.3 111.8 111.1
BCNC (v) 177.0 �8.0 56.0/�56.0 124.0/�124.0
NBCN (c) 172.1 �178.8 171.7 �179.1


Table 3. The bond lengths (Å) of GM of ANB at MP2(full)/
6-31þG� level of theory and of Me3N�BH2CO2H
and Me3N�BBr2CO2Et


Parameter GM of ANB Me3N�BH2CO2H Me3N�BBr2CO2Et


NB 1.625 1.589 1.605
BC(O) 1.621 1.593 1.626
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The NBO32–34 analysis was carried out on the global
minimum (GM) energy structure of ANB, optimized at
the MP2(full)/6-31þG� level using MP2 density, to
quantitatively estimate the second-order interactions as
Eij¼�2Fij/DEij, where Eij is the energy of the
second-order interaction; DEij¼Ei�Ej is the energy
difference between the interacting molecular orbitals i
and j; and Fij is the Fockmatrix element for the interaction
between orbitals i and j. The atomic partial charges of
the global minima of ANB and NMA, optimized at
the MP2(full)/6-31þG� level using MP2 density,
were calculated by the ‘ESP fit’ method of Merz–
Singh–Kollman.35


For each of the molecules – DMGA, DMGAþ, B-Gly,
DMAA, DMAAþ, and B-Ala, starting with an v value of
1808, the minima in the f and c space was searched by
incrementing the f, c angles in 308 steps, to generate a
total of 144 conformations. Each conformation was
geometry optimized first at the HF/3-21G level of
theory with ‘constraints’ on the initial f, c angles. A
Ramachandran map of the 144 conformations was
constructed and conformations within 5.0 kcalmol�1 of
the GM were identified. These low energy conformations
were further optimized without constraints at the B3LYP/
6-31þG� level of theory.

CO 1.264 1.229 1.222

RESULTS AND DISCUSSION


The conformations of the minima and various transition
states for ANB are shown in Fig. 1 and the absolute and
relative energies at the HF, B3LYP, and MP2(full) levels
of theory with the 6-31þG� basis set are given in Table 1.

Minima and TS of ANB


The structures of the minima and transition states for
rotation about the v angle are shown in Fig. 1 and the
absolute and relative energies at the HF, B3LYP, and
MP2(full) levels of theory with the 6-31þG� basis set are
given in Table 1. There are two minima on the PES of
ANB. The major difference between the two minima is in
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the value of v, which is 1778 in the GM and �88 in the
local minimum (LM) structure. In both minima, c has
a preferred value of 1808. Both minima exhibit an
intra-molecular hydrogen bond between the carbonyl O
(as the acceptor) and the amine NH (as the donor). The
corresponding minima in the v space of NMA is 1808
(GM) and 08 (LM).21 Thus, both ANB and NMA have the
same preference for a trans arrangement around the v
angle. Though the GM and LM of ANB are separated by
5.6 kcalmol�1, the interconversion between them is
governed by the transition states for v rotation (vTS1
and vTS2). The two transition states for rotation around
the v angle are differentiated by the arrangement
of the lone pair of electrons on the amide nitrogen. In
vTS1, the lone pair of electrons on nitrogen is

O
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Figure 3. Ramachandran map for (a) B-Gly, (b) DMGAþ, (c) DMGA, (d) B-Ala, (e) DMAAþ, and (f) DMAA. The energy values
associated with the contours are color coded according the scale given at the bottom
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syn-periplanar to the carbonyl group while in vTS2 it is
anti-periplanar. The transition states for rotation around
the v angle of ANB resemble those of NMA.21


The geometric parameters of the minima and all
transition states of ANB at the MP2(full)/6-31þG� level
of theory are given in Table 2. There is a increase of about

Copyright # 2007 John Wiley & Sons, Ltd.

0.1 Å in the C—N bond length in the transition states
for rotation about the v angle compared to the ground
states. The crystal structures of two related mole-
cules, Me3N�BH2CO2H


31 and Me3N�BBr2CO2Et
36 have


been reported, and Table 3 compares the bond lengths in
these two crystal structures with the GM of ANB
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optimized at the MP2(full)/6-31þG� level of theory. The
NB and BC(O) bond lengths in ANB are in good
agreement with those in the crystal structures. The CO
bond in ANB is slightly longer in length than that in the
crystal structures. A hydrogen bond between the carbonyl
O and NH group of amine is present in ANB, but no
hydrogen bond is seen in both crystal structures, this
hydrogen bonding might be responsible for the small
stretching of the CO bond in ANB. The BH bond
length in ANB is 1.21 Å, which is close to that in
PhPH2�BH3 (1.212 Å)


37 and in the borane-pyrrole dimer
(1.140 Å).38

Rotation barrier in ANB


The barrier to rotation about the v angle in natural
peptides ranges from 16.0 to 25.0 kcalmol�1. The v
rotation barrier in ANB at theMP2(full)/6-31þG� level of
theory is found to be between 20.3 and 22.2 kcalmol�1,
which is comparable to that in natural peptides. The
rotation barrier in amide systems (e.g., NMA, urea, and
guanidines) has been attributed to second-order orbital
interactions namely, no ! s�


C�N (delocalization from
lone pairs on oxygen into the sigma anti-bonding orbital
of the C—N bond, i.e., negative hyperconjugation) and
nN ! p�


C�O (delocalization from the lone pair on nitrogen
to the pi anti-bonding orbital of carbonyl) leading to
electron delocalization over the amide bond.39,40 The
energy E(2) associated with negative hyperconjugation,
that is, no ! s�


C�N is 26.7 kcalmol�1 (occupancy of nO is
1.911 and s�


C�N is 0.046) and that with nN ! p�
C�O is


104.4 kcalmol�1 (occupancy of nN is 1.759 and p�
C�O is


0.238) for the GM of ANB at the MP2(full)/6-31þG�


level of theory. The energy associated with negative
hyperconjugation, that is, no ! s�


C�N is 32.8 kcalmol�1


and that with nN ! p�
C�O is 98.5 kcalmol�1 for the global


energy minimum structure of NMA. The NBO results
show that the amide bond has the same geometry and
energetics in NMA and ANB.

Table 4. Torsion angles (degrees), relative energies (kcalmol�1


peptides B-Gly, DMGAþ, and DMGA


f c Rel. E (kcal mol�1


B-Gly 1138 �1778 0.0
�1138 1778 0.0


DMGAþ 1108 �1758 0.0
�1108 1758 0.0


DMGA 908 208 0.0
�908 208 0.0
1658 �208 0.2
�698 1508 2.4
�1608 �1408 2.5
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Partial atomic charges of ANB


The partial atomic charges calculated by fitting the
electrostatic potential of ANB and NMA optimized at
MP2(full)/6-31þG� level of theory using the Merz–
Singh–Kollman scheme is shown in Fig. 2. It can be seen
that substitution of the CH3 group in NMA by NH3�BH2


in ANB causes a slight decrease in the positive charge on
the carbonyl carbon, while the atomic charges of the other
atoms of the amide group remain unaffected. Thus, the
carbonyl carbon remains the preferred site of attack by a
nucleophile in ANB.


PES of glycine derivatives B-Gly, DMGAR,
and DMGA


The Ramachandran (f,c) map for glycine derivatives are
given in Fig. 3. The minima in the f and c space for
B-Gly, DMGAþ, and DMGA are given in Table 4. For
B-Gly, there are two minima which are mirror images of
each other and with the same energy. The structures
correspond to f¼ 1138 and c¼�1778 (Fig. 4a) and
f¼�1138 and c¼ 1778 (Fig. 4b) and can be described
by the regular secondary structure motif. A similar
situation exists for DMGAþ, which is isoelectronic
with B-Gly. The two minima of DMGAþ correspond
to structures with f¼ 1108 and c¼�1758 (Fig. 4c) and
f¼�1108 and c¼ 1758 (Fig. 4d), which are also
mirror images of each other. These four structures are
characterized by extended values of the c angle and have
an intra-molecular hydrogen bond between the carbonyl
O (as acceptor) and the NH of the methylamine group (as
donor). One minimum energy structure of both B-Gly and
DMGAþ has a positive f value which is not favored for
natural peptides.


The neutral form – DMGA exhibits a variety of
structures. There are three local minima besides the two
global minima. The global minima correspond to
structures with f ¼ 908 and c¼ 208 (Fig. 4e) and
f¼�908 and c¼ 208 (Fig. 4f). These figures describe

), and secondary structure features of minima of glycine


) Structural feature (ideal values of the torsion angles)


Positive f, extended c conformation
Extended c conformation
Positive f, extended c conformation
Extended c conformation
Positive f, 3rd residue of Type I0 beta turn (908, 08)
3rd residue of Type I beta turn (�908, 08)
Folded c
Poly-L-Pro-II helix (�798, 1508)
Extended conformation
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Figure 4. Preferred conformations of B-Gly: (a) f¼ 1138, c¼�1778 and (b) f¼�1138, c¼1178 ; DMGAþ: (c) f¼1108,
c¼�1758 and (d) f¼�1108, c¼1758; DMGA: (e) f¼908, c¼208, (f) f¼�908, c¼ 208, (g) f¼1658, c¼�208, (h)
f¼�698, c¼1508, and (i) f¼�1608, c¼�1408; B-Ala: (j) f¼�1008, c¼ 1688 and (k) f¼948, c¼�167 ; DMAAþ: (l)
f¼�978, c¼1658 and (m) f¼ 1578, c¼ 1568; DMAA: (n) f¼�858, c¼�218, (o) f¼1808, c¼�258, (p) f¼ 818, c¼268,
(q) f¼�658, c¼ 1358, and (r) f¼�1518, c¼�1528
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Figure 4. (Continued)
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the third residue (iþ 2) in a Type-I0 b-turn (ideal values:
f¼ 908, c¼ 08) and Type-I b-turn (ideal values:
f¼�908, c¼ 08), respectively. The first LM has
f¼ 1658 and c¼�208 (Fig. 4g) and is characterized
by f with a positive value and a folded c conformation.
These three structures (the global minima and the
first local minimum) are stabilized by an intra-molecular
hydrogen bond between the amine N (as acceptor) and

Copyright # 2007 John Wiley & Sons, Ltd.

the NH of the amide (as donor). The second LM
has f¼�698 and c¼ 1508 (Fig. 4h), which resemble a
Poly-L-Pro-II helix (ideal values f¼�798, c¼ 1508).
The third LM corresponds to a structure with f¼
�1608 and c¼�1408 (Fig. 4i). The second and third
local minima exhibit a hydrogen bond between the
carbonyl O (as acceptor) and the amine NH (as
donor).
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Table 5. Torsion angles (degrees), relative energies (kcalmol�1) and secondary structure features of minima of alanine peptides
B-Ala, DMAAþ, and DMAA


f c Rel. E (kcalmol�1) Structural feature (ideal values of the torsion angles)


B-Ala �1008 1688 0.0 Extended c conformation
948 �1678 1.4 Positive f, extended c conformation


DMAAþ �978 1658 0.0 Extended c conformation
1578 1568 2.0 Positive f, extended c conformation


DMAA �858 �218 0.0 3rd residue of Type I beta turn (�908, 08)
1808 �258 1.5 Folded c
818 268 2.2 Positive f, 3rd residue of Type I0 beta turn (908, 08)


�658 1358 2.3 Poly-L-Pro-II Helix (�798, 1508)
�1518 �1528 3.4 Extended conformation
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PES of alanine derivatives B-Ala, DMAAR,
and DMAA


The Ramachandran maps for alanine derivatives are given
in Fig. 3. The conformations (global and local minima) of
B-Ala, DMAAþ, and DMAA are summed up in Table 5
and the structures are shown in Fig. 4j–r.


B-Ala and DMAAþ, in analogy with B-Gly and
DMGAþ, display structures favoring positive f values
and extended values of the c angle. All the favored
conformations of B-Ala and DMAAþ exhibit an
intra-molecular hydrogen bond between the carbonyl O
(as acceptor) and the NH of the methylamine group
(as donor). DMAA, in analogy to DMGA, exhibits
variety of secondary structures like Type I and I0 b-turn,
poly-L-Pro-II helix, in addition to structures with positive
f value. The data in Tables 4 and 5 reveal that the
conformations of B-Gly and B-Ala, DMGAþ and
DMAAþ, and DMGA and DMAA pairs are remarkably
similar. Thus, the introduction of a chiral center at boron/
carbon with a small group does not seem to change the
conformational preferences of these peptides, which are
stabilized by intra-molecular hydrogen bonds.

CONCLUSIONS


Isosteric replacement of the Ca atom in peptides by boron
yields the ‘amine-carboxyboranes’. The amide bond in
these molecules has the same geometry in the ground and
transition states as the natural peptides. However, the
boron isosteres of glycine and alanine peptides are less
structural than their natural derivatives, but are distin-
guished by structures with a positive value for the f angle,
which is normally disfavored for natural peptides. This
property could be used to build peptides with a geometry
not usually observed in nature.
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ABSTRACT: The empirical concepts of basicity and nucleophilicity are related but not strictly proportional. Hence,
the aim of this study is to help in elucidating the range where both concepts are directly proportional. To do this, the
relationship between a recently introduced nucleophilicity index and the proton affinity (PA) of several families of
bases has been studied. A good correlation between the PA and the nucleophilicity index using HF and HCN as
electrophilic partner has been found. Our studies show that the correlation exists only when the interaction is soft–soft
in character and for strong bases with weak acids. However, the relationship is not only valid for exothermic reactions
as it has been previously postulated but also for endothermic reactions. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: nucleophilicity index; nucleophiles; basicity; proton affinity; reactivity; HSAB principle; acid–base


reaction; endothermic reactions

INTRODUCTION


A nucleophile is a Lewis base that uses an available
electron pair to form a bond to its reaction partner (an
electrophile). Whereas the term nucleophilic ability is
normally used to describe trends in the kinetic aspects of
substitution reactions, that is, a good nucleophile is one
that forms fast a new bond,1 the basicity is related in terms
of the position of an equilibrium reaction with a proton or
some other acid.1 It is generally accepted that basicity is a
thermodynamic concept and nucleophilicity a kinetic
one. The difference is established at the moment that the
current scales use kinetic data for nucleophilicity (rate
constants) and thermodynamic data for basicity (proton
affinities or Gibbs free energy). However, from a
theoretical point of view the distinction is not so clear.
Most of the argumentations used previously, especially
for the density functional descriptors, are based in some
energy minimization which points out to a thermodyn-
amic argument. However, almost always the discussion is
based in equations at first order of perturbation theory.
Hence, it contains information of the very beginning of
the reaction, at most information of the transition state,
which implies only kinetic information. Therefore, it is
interesting to study how good is a theoretical nucleophi-
licity index based on the density functional descriptors in
describing the basicity of a molecule. The question to be
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studied can also be formulated as how far the concepts of
base and nucleophile are proportional to each other.


There are several factors governing the nucleophilic
ability.2 The solvation energy of the nucleophile, the
strength of the bond being formed, the size of the
nucleophile, the electronegativity and the polarizability of
the attacking atom may be considered as the most
important factors influencing on nucleophilicity.1 Exper-
imentally as well as theoretically there is a good evidence
of the unfeasibility of a unique nucleophilicity scale.
Furthermore, the experimental scales have incorporated
thermodynamics properties, kinetic rate constants,2,3,5,6


polarizability values3 and empirical reactivities rules.4


The first empirical scale was proposed by Swain and Scott.5


A two-parameter equation was found correlating the relative
rates of several nucleophilic reagents with organic substrates
in aqueous solution.5 One parameter was associated to the
substrate and the other one was defined as the constant of
the nucleophilic species. Quantitative correlations of the
relative rates were found in SN2 reactions using methyl
halides as a reference substrate.5 Another important model
of nucleophilicity/electrophilicity has included the gas
phase hydrogen bonded complexes7,8 based on the electro-
static character9 of the hydrogen bond formed between a
Lewis base B and an electrophile as HX. More recently,
Mayr et al.10 proposed a linear free energy relationship
based on kinetic data recorded for a series of nucleophiles
which presents a wide diversity in structure and bonding
properties. Their empirical scales are characterized by
three parameters, one parameter describing the electro-
philic species and two more describing the nucleophiles.10
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On the other hand, the intrinsic (gas phase) basicity can
be probed and quantified by the proton affinity (PA),11,12


which is defined as the enthalpy change (DH) associated
to the following reaction:


BHþ Ð Bþ Hþ


This quantity plays an important role in the proton
transfer reactions in organic chemistry and biochemistry
in the gas phase.13–15 In the literature, there are many
experimental data of proton affinities as measure of the
intrinsic basicity15–18 and also theoretical calculations for
sizeable molecules.19–21 Even though the PA values are a
thermodynamic quantity, through a comparison of the PA
and nucleophilicity values may be possible to find some
relationship between both quantities.


Usually a hard–hard interaction is electrostatic in nature
and parameters such as electrostatic potential, binding
energy and force constant may explain the nucleophilicity
reactivity. Recently, our research group has discussed the
nucleophilicity in terms of this kind of interaction.22 On
the other side, a soft–soft interaction can be tried as
frontier orbitals controlled. This has been quantitatively
expressed in different scales for both type of inter-
actions.22,23 Specifically, we studied several kinds of
nucleophiles such as simple anions, neutral species and s
and p nucleophiles (alkenes, simple amines, phosphanes
and phosphites). Their nucleophilic character was tested
using Eqn (2) and the kinetic data in specific reactions
being our results consistent with experimental nucleo-
philicity.22,23


We stress that it is generally accepted that the
nucleophilicity ability, a concept associated to the kinetic
of some reactions, should be also related to the basicity,24


a concept associated to the thermodynamic of the reac-
tion. Although, both concepts are not always pro-
portional, they should be related when they are applied
to a family of nucleophiles in which the donor atom
remains the same.25 Furthermore electrophilicity26,27 is
other concept treated as a kinetic quantity, which has
recently been correlated with the free energy of
activation, a thermodynamic quantity.28


The global and local molecular parameters such as
Fukui function,29 electronegativity30 and effective polar-
izability,30 have been used to correlate,29 to predict30 and
to analyse substituent effects in nucleophilic mol-
ecules.31,32 Recently, it has been shown that some struc-
tural parameters used as descriptors of nucleophilicity can
be correlated in identity SN2 reactions.33 This work has
also analysed both, the kinetic and thermodynamic,
concepts associated to the nucleophilicity and basicity,
respectively.33 In general, the results suggest that both
quantities are directly related in strongly exothermic
reactions.33


Experimentally has also been possible to find a
relationship between basicity and nucleophilicity in aryl
compounds containing N-anions.34 In that work, the

Copyright # 2007 John Wiley & Sons, Ltd.

reaction rate is determined by the basicity of the anion and
by the sensitivity of the rate constant to basicity variation
in SN2 reactions. The Marcus equation34 makes it
possible to correlate variation of the Bronsted coefficient
with the height of internal barriers.34


As it was mentioned above the recently proposed
nucleophilicity index22 has been a reliable descriptor of
the kinetic behaviour in several substitution reactions in
agreement with experimental data reported by Gronert.35


Additionally, the new index has been tested in alkenes,
amines, phosphanes and phosphites with the correspond-
ing electrophilic partners23 in agreement with kinetic data
of Mayr and Patz.10a


The aim of this work is to explore further the
relationship between the nucleophilicity index22,23 and
the PA, as a measure of the basicity of the system.
Acid-base reactions of nucleophiles as alcohols, amines,
ethers, substituted anilines, imines and diimines, which
are classified as strong bases, reacting with weak acids as
HF and HCN, have been first explored. It will be shown
that in all cases there is a good correlation between the PA
and the nucleophilicity index. Additionally the factors
influencing the relationship of both properties are
discussed.

THEORETICAL MODEL AND
COMPUTATIONAL DETAILS


A recent model to describe the nucleophilicity concept,
which takes into account the specific electrophilic substrate
has been used.22,23 A specific electrophile would accept a
specific amount of charge and other electrophile a
different one. In a very simple model this amount of
charge will be given by the following equation:


N ¼ mA � mB


hA þ hB
(1)


where mA and mB are the chemical potential35 of the
nucleophilic and electrophilic molecule, respectively. hA
and hB are the respective hardnesses.36 This equation has
been derived by Parr36 from Malone’s ideas.37 This
amount of charge is fixed and different for each couple of
reactants. Since the amount of charge is fixed, the scenario
is the grand canonical ensemble, where the potential is
given using the chemical potential and the external
potential as the independent variables.


The relationship used as our nucleophilicity index,
v�, is22:


v� ¼ 1


2


ðmA � mBÞ2


ðhA þ hBÞ2
hA (2)


Note that the index depends not only on the
nucleophilic system but also on the electrophilic species.
Therefore, there is no a unique nucleophilic scale. It will
vary from one electrophile to the other. But this has
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allowed studying several reactions with different electro-
philic species.23 In this work, the benchmark is an acid–
base reaction.


As all other indices derived in density functional
theory36 one needs a practical scheme to calculate it. As
usual, the frozen orbital and the finite differences approxi-
mations are used to obtain the respective m and h 36


values. Therefore, the results will also depend on the
quality of the respective HOMO and LUMO (one-electron)
energies. Successful applications for a variety of
nucleophiles have been reported.23


Total geometries of the molecules were optimized at
MP2/6–31þG(d,p) level using the Gaussian03 package.38


The reactivity descriptors such as chemical hardness
(h),36 chemical potential (m),36 were calculated using the
frozen orbital and the finite difference approximations.
The change of energy (DE) corresponding to the
acid–base reaction,


Bþ HX ! BHþ þ X�


where B is a nucleophile and HX (HF) electrophile, was
calculated at the same theory level.

RESULTS AND DISCUSSION


PA of the bases B, defined as the negative of the enthalpy
change for the protonation reaction in gas phase is a
quantitative measure of the gas phase basicity11,12:


BðgÞ þ Hþ
ðgÞ ! BHþ


ðgÞ (3)


PA is given by


PAðBÞ ¼ �DHo
f


¼ DHo
f ðBÞ þ DHo


f ðH
þÞ � DHo


f ðBH
þÞ (4)

Table 1. Chemical hardness (h), chemical potential (m), amou
change (DE) and experimental proton affinity (PA) for amines20


Amines h (eV) m (eV) N (HF) N (HCN) N (HCl)


NH3 0.537 �0.155 0.055 0.072 0.037
CH3NH2 0.465 �0.155 0.057 0.076 0.039
CH3CH2NH2 0.467 �0.153 0.059 0.078 0.041
(CH3)2CHNH2 0.466 �0.153 0.059 0.078 0.041
(CH3)2NH 0.449 �0.143 0.068 0.090 0.052
(CH3)3CNH2 0.462 �0.154 0.058 0.078 0.040
(CH3)3N 0.437 �0.136 0.074 0.098 0.059
(CH3)CN 0.516 �0.198 0.023 0.034 �0.003
Et3N 0.424 �0.134 0.076 0.101 0.062
Electrophiles


HF 0.839 �0.230
HCN 0.580 �0.235
HCl 0.565 �0.195


Copyright # 2007 John Wiley & Sons, Ltd.

and may be approximated by


PAðBÞ ¼ �DHo
f ffi DE ¼ EðBÞ � EðBHþÞ (5)


where E(B) and E(BHþ) correspond to the total energies
of the B bases, and the conjugated acid, BHþ, respect-
ively, and DE is the energy change of the reaction (3) and
may be associated to the PA of the base B.


Nucleophilicity (v�)22,23 is a descriptor of reactivity
that allows us to have a quantitative classification of the
nucleophilic nature (electron donating capacity) in front
of the electrophile, and it is a relative descriptor
depending on their electrophilic partner. In this work,
the acid–base reaction evaluated were those where HF
and HCN act as weak acid, with alcohols,30 amines,20b


ethers,30 substituted anilines,39 imines and diimines39 and
some weak bases.18 The electronic properties and the
nucleophilicity values are showed in Tables 1–6. The last
column of these tables contains the available experimen-
tal PA values. PA values for substituted anilines and
diimines were taken from the literature at MP2 theory
level.40 This level of theory has been already vali-
dated.11,40 It is worth to mention here that our main
interest is to study the possible correlation between PA
values and the recently introduced theoretical nucleo-
philicity index and not to reproduce the experimental PA
values. There are other quantities better suited to match
the proton affinities.


For alcohol series the comparison between the
experimental PA30 and the nucleophilicity index with
both electrophiles (HF and HCN) is shown in Fig. 1A.


The linear regression equations for the set of alcohols
with HF and HCN are, respectively:


PA ¼ 92:64v� þ 170:98 ðN ¼ 11; r ¼ 0:9774Þ
PA ¼ 51:25v� þ 170:50 ðN ¼ 11; r ¼ 0:9817Þ


A reasonable regression correlation coefficient is found
for both types of interaction.

nt of charge (N), calculated nucleophilicity (v�), energy


v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


v� (HCl)
(kcal/mol)


DE
(kcal/mol)


PA(exp)20


(kcal/mol)


0.504 0.870 0.225 262.0 204.0
0.479 0.849 0.217 115.8 214.1
0.510 0.900 0.244 130.5 217.0
0.510 0.900 0.243 128.7 218.6
0.649 1.136 0.376 125.9 220.6
0.494 0.875 0.231 126.4 220.8
0.749 1.308 0.481 121.7 225.1
0.089 0.182 0.001 168.3 189.2
0.771 1.350 0.509 358.2 232.3
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Table 2. Chemical hardness (h), chemical potential (m), amount of charge (N), calculated nucleophilicity (v�), energy
change (DE) and experimental proton affinity (PA) for alcohols30


Alcohols h (eV) m (eV) N (HF) N (HCN) N (HCl)
v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


v� (HCl)
(kcal/mol)


DE
(kcal/mol)


PA(exp)30


(kcal/mol)


MeOH 0.529 �0.185 0.033 0.045 0.009 0.179 0.337 0.014 171.0 184.9
EtOH 0.517 �0.179 0.037 0.051 0.015 0.227 0.419 0.034 165.8 190.3
n-PrOH 0.519 �0.183 0.034 0.047 0.011 0.192 0.360 0.019 164.2 191.4
i-PrOH 0.520 �0.176 0.040 0.053 0.017 0.255 0.470 0.049 161.6 192.7
n-BuOH 0.510 �0.182 0.036 0.049 0.012 0.203 0.380 0.023 163.2 192.0
t-BuOH 0.507 �0.177 0.039 0.053 0.017 0.248 0.455 0.045 157.2 195.0
CHF2CH2OH 0.545 �0.201 0.021 0.031 �0.005 0.077 0.159 0.004 179.0 180.6
CF3CH2OH 0.566 �0.207 0.017 0.025 �0.010 0.049 0.110 0.019 186.9 174.9
(CF3)2MeCOH 0.588 �0.222 0.005 0.011 �0.024 0.005 0.021 0.104 192.5 172.9
(CF3)2CHOH 0.599 �0.226 0.003 0.008 �0.027 0.001 0.011 0.133 198.6 170.9
(CF3)3COH 0.612 �0.239 �0.006 0.003 �0.037 0.007 0.0001 0.268 358.2 169.0


Table 3. Chemical hardness (h), chemical potential (m), amount of charge (N), calculated nucleophilicity (v�), energy change
(DE) and experimental proton affinity (PA) for ethers30


Ethers h (eV) m (eV) N (HF) N (HCN) N (HCl)
v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


v� (HCl)
(kcal/mol)


DE
(kcal/mol)


PA (exp)30


(kcal/mol)


(C2H5)2O 0.500 �0.165 0.048 0.065 0.028 0.367 0.655 0.123 157.9 200.4
(CH3)2O 0.502 �0.167 0.047 0.062 0.026 0.343 0.614 0.105 161.7 193.1
EtOMe 0.498 �0.165 0.049 0.065 0.028 0.371 0.662 0.126 156.9 196.5
n-Pr2O 0.495 �0.163 0.050 0.067 0.030 0.392 0.698 0.142 155.9 202.9
i-PrOEt 0.498 �0.164 0.050 0.066 0.029 0.384 0.683 0.135 150.9 203.4
n-Bu2O 0.492 �0.163 0.050 0.067 0.030 0.391 0.696 0.141 149.9 203.9
i-Pr2O 0.491 �0.161 0.052 0.069 0.032 0.418 0.742 0.163 138.6 206.0


Table 4. Chemical hardness (h), chemical potential (m), amount of charge (N), calculated nucleophilicity (v�), energy change
(DE) and theoretical proton affinity (PA) of some substituted anilines38


NH2


X


Y


X Y h (eV) m (eV) N (HF) N (HCN)
v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


DE
(kcal/mol)


PA (MP2)38


(kcal/mol)


CN H 0.377 �0.133 0.080 0.107 0.760 1.356 162.7 198.8
H CN 0.373 �0.133 0.080 0.107 0.753 1.347 163.0 198.5
F H 0.376 �0.122 0.089 0.118 0.929 1.644 157.0 204.8
H F 0.369 �0.119 0.092 0.123 0.983 1.739 155.5 206.2
OH H 0.369 �0.115 0.095 0.127 1.053 1.857 151.2 210.4
H OH 0.353 �0.107 0.103 0.137 1.177 2.081 150.1 211.2
NO2 H 0.357 �0.148 0.070 0.093 0.533 0.976 163.8 197.7
H NO2 0.377 �0.147 0.070 0.092 0.554 1.005 164.4 197.5
CHO H 0.370 �0.127 0.085 0.114 0.843 1.502 157.4 204.1
H CHO 0.373 �0.128 0.084 0.112 0.831 1.479 159.6 202.3
OCH3 H 0.359 �0.112 0.098 0.131 1.085 1.919 150.4 212.5
H OCH3 0.349 �0.105 0.105 0.140 1.212 2.144 148.2 213.4
H H 0.368 �0.112 �0.098 �0.130 1.098 1.935 156.8 209.5a


a Experimental data was taken from Reference 41.
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Table 5. Chemical hardness (h), chemical potential (m), amount of charge (N), calculated nucleophilicity (v�), energy change
(DE) and theoretical proton affinity (PA) of some imines and diimines38


1.                                            2. 


3.                                                 4.                                                     5.


C


NH


H2N NH2
C


N


H2N NH2


CH3


NH


NH


N


NH


CH3


N


NH


CH3


H2N
NH2


Molecule h (eV) m (eV) N (HF) N (HCN)
v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


DE
(kcal/mol)


PA (MP2)38


(kcal/mol)


1 0.423 �0.146 0.066 0.089 0.585 1.040 120.7 233.7
2 0.415 �0.140 0.072 0.095 0.671 1.187 144.1 237.2
3 0.366 �0.160 0.059 0.080 0.393 0.731 127.7 221.9
4 0.338 �0.112 0.100 0.134 1.061 1.896 94.0 257.5
5 0.327 �0.113 0.101 0.135 1.037 1.863 85.4 267.8
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Similarly, the linear regression equations for the set of
amines20 with the same reference electrophiles were:


PA ¼ 57:64v� þ 185:29 ðN ¼ 9; r ¼ 0:9166Þ
PA ¼ 33:94v� þ 184:17 ðN ¼ 9; r ¼ 0:9234Þ


It may be seen as a good correlation between both
quantities as it is shown in Fig. 1B.


The alkyl substituent effects in alcohols and amines are
consistent with experimental and theoretical studies.31


The observed trend has been attributed to inductive and
polarization stabilization effects of alkyl groups directly
bonded to the nucleophilic atom. At this point, clearly,
basicity and nucleophilicity seem to be governed by the
same factors affecting both properties in both families. It
can be seen as a clear direct relationship between PA and
the nucleophilicity (Figs 1A,B).

Table 6. Chemical hardness (h), chemical potential (m), amount
(DE) and experimental proton affinity (PA) of some weak bases1


Weak Bases h (eV) m (eV) N (HF) N (HCN)


CF3CH2OH 0.569 �0.212 0.013 0.020
C2H4 0.466 �0.141 0.068 0.090
CF3COCl 0.563 �0.224 0.004 0.010
(CF3)2CO 0.555 �0.243 �0.010 0.007
C2H6 0.581 �0.196 0.024 0.033
CF3Br 0.525 �0.202 0.021 0.030
CF3Cl 0.588 �0.220 0.007 0.013
CH4 0.638 �0.227 0.002 0.007


Copyright # 2007 John Wiley & Sons, Ltd.

The linear regression equations for the set of ethers
with HF and HCN are:


PA ¼ 177:74v� þ 133:15 ðN ¼ 7; r ¼ 0:9193Þ
PA ¼ 105:08v� þ 129:57 ðN ¼ 7; r ¼ 0:9172Þ


A pretty well correlation between experimental PA30


and nucleophilicity (v�) is shown in Fig. 1C. It may be
observed that bulky and ramified alkyl groups show a
synergic effect increasing the nucleophilic character in
this kind of nucleophiles. Other factors as electron
withdrawing and electron releasing groups decrease and
increase the nucleophilicity, respectively, as it was shown
in previous works.22,23 In the substituted anilines, it is
interesting to note that in general the nucleophilicity
values are higher with electron releasing groups. The
basicity is also increased, that is, groups as OCH3, OH,
CHO and F, increase the electron density on nitrogen

of charge (N), calculated nucleophilicity (v�), energy change
8


v� (HF)
(kcal/mol)


v� (HCN)
(kcal/mol)


DE
(kcal/mol)


PA (Exp)18


(kcal/mol)


0.029 0.072 185.1 166.4
0.675 1.173 189.5 162.6
0.003 0.016 197.6 161.2
0.016 0.010 209.0 153.8
0.103 0.203 220.6 146.9
0.072 0.151 218.7 141.3
0.009 0.030 225.6 139.0
0.001 0.009 238.4 134.7
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Figure 1. (A) Relationship between calculated nucleophili-
city and experimental proton affinity for alcohols. (B)
Relationship between calculated nucleophilicity and exper-
imental proton affinity for amines. (C) Relationship between
calculated nucleophilicity and experimental proton affinity
for ethers
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atom and thereby may be interpreted as a donation of the
lone pair electron in acid–base reaction or another
nucleophilic reactions. In contrast, electron withdrawing
groups like NO2 make aniline to be less basic and less
nucleophilic than other substituted anilines, shown in
Table 4 (for example when X¼NO2, Y¼H, PA¼
197.7 kcal/mol and v�¼ 0.976 eV).


The linear regression analysis for the set of substituted
anilines with HF and HCN are the following:


PA ¼ 25:55v� þ 181:93 ðN ¼ 13; r ¼ 0:9572Þ
PA ¼ 14:89v� þ 181:11 ðN ¼ 13; r ¼ 0:9585Þ


An excellent linear correlation between both properties
is showed in these nucleophiles (Fig. 2A). Aniline
molecule was included in the correlation as it was
suggested by the referee. The inductive and resonance
effects in aromatic amines seem to have the same effect
on the nucleophilicity and basicity.


In some imines and diimines the relationship between
calculated nucleophilicity and theoretical PA20 is pretty
well as evidenced by the linear regression analysis with
HF and HCN:


PA ¼ 62:22v� þ 196:99 ðN ¼ 5; r ¼ 0:9735Þ
PA ¼ 35:20v� þ 196:34 ðN ¼ 5; r ¼ 0:9755Þ


The relationship between the calculated nucleophili-
city (v�) and theoretical PA is plotted in Fig. 2B. It is
evident that the calculated nucleophilicity index in
superbases (imines and diimines), although structurally
different, is directly related to the basicity.


In Table 6 is shown that there is no relationship in the
reaction between weak bases and weak acids. In these
examples a good base is not necessarily a good
nucleophile. Another relevant result is displayed in
Fig. 2C (numerical values are found in Tables 1–2). For
nucleophiles interacting with a strong acid like HCl
non-linear relationship between the calculated nucleo-
philicity and experimental PA is found. (Fig. 2C only
report amines and alcohols). In this case, it seems that
basicity and nucleophilicity are governed by different
factors. The interaction has a more electrostatic character
as it was proposed in Reference 11. This result follows the
Hard and Soft Acids and Bases (HSAB) principle
concluding that hard interactions are mainly of the
electrostatic character.


Hence, the results presented here for weak–weak
endothermic reactions together with those presented in
Reference 33 for exothermic reactions predict a pretty
good correlation between basicity (measured by the PA)
and nucleophilicity for weak–weak reactions with an
important energy difference between reactants and
products. It means, for reactions mainly governed by
thermodynamics arguments. This is surely a consequence
of the use of only thermodynamics arguments in the
derivation of the theoretical parameter. It can also be
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Figure 2. (A) Relationship between calculated nucleophili-
city and experimental proton affinity for substituted anilines.
(B) Relationship between calculated nucleophilicity and
experimental proton affinity for imines and diimines. (C)
Relationship between calculated nucleophilicity and exper-
imental proton affinity for alcohols and amines with HCl as
electrophile
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advanced by the existence of similar relationship between
electrophilicity and acidity.28

CONCLUSIONS


Good correlations between basicity, measured by the PA
values and the recently proposed nucleophilicity index
have been found. Six different kinds of nucleophiles or
bases have been used as benchmark. This relationship is
only observed when the families of nucleophiles are
classified as strong bases and the electrophilic partner is
labelled as a weak acid, like HF and HCN. Clearly in this
situation, basicity and nucleophilicity are governed by
inductive effects of alkyl groups, the electron-donating
and electron-withdrawing groups close to the nucleo-
philic atom. When the acid–base reaction is between a
weak base/acid pair this relationship is not observed.


It is important to emphasize that the nucleophilic and
electrophilic partners (in soft–soft interactions) follows a
HSAB principle. This relationship is emphasized between
basicity and nucleophilicity. Finally, the relationship
between nucleophilicity and basicity is limited in some
families of nucleophiles to strong endothermic reactions
as in this work. These results are complementary of
previous works30 predicting a good relationship in
strongly exothermic reactions.
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ABSTRACT: This review focuses on how the mechanistic approach of physical organic chemistry can be used to
elucidate the mechanisms behind complex biochemical networks. The dynamics of biochemical reaction networks is
difficult to describe by considering their individual reactions, just as the dynamics of organic reactions is difficult to
describe by considering individual electrons and atomic nuclei. Physical organic chemists have developed a useful set
of tools to predict the outcome of organic reactions by separating the interacting molecules into modules (functional
groups), and defining general rules for how these modules interact (mechanisms). This review shows how these tools of
physical organic chemistry may be used to describe reaction networks. In addition, it describes the application of these
tools to develop a mechanistic understanding of the dynamics of the complex network of hemostasis, which regulates
blood clotting. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: coagulation; microfluidics; spatiotemporal dynamics; complexity; nonlinear; enzyme models; networks;


modules

INTRODUCTION


This review describes a mechanistic approach to
understanding the spatiotemporal dynamics of complex
reaction networks. Biochemical reaction networks per-
form a wide range of functions indispensable for the
existence of living organisms, from energy conversion,
self-regulation, and computation, to signal detection and
amplification. Understanding the mechanisms by which
biochemical reaction networks perform their function
is currently the focus of a major research effort and a
primary goal of the field of systems biology.1 However,
the inherent complexity of these networks makes theo-
retical and experimental characterizations of their under-
lying mechanisms challenging for two reasons: these
networks comprise a large number of reactions, not all of
which are typically known, and the dynamics in these
systems is spatially heterogeneous and time-dependent.
Therefore, we have developed a two-fold strategy to study
complex systems. We begin by reducing the complexity
of the network by using a physical organic approach

to: R. F. Ismagilov, Department of Chemistry and
hysical Dynamics, The University of Chicago, 929
Chicago, IL 60637, USA.
ov@uchicago.edu
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to develop a simple chemical model of the complex
network. Then, we utilize microfluidics2,3 and patterned
surfaces4,5 to experimentally probe the chemical model
and the biochemical network, which allows control and
manipulations of reactions on the length and timescales
relevant for biochemical reaction networks. This review
focuses on the first component of our strategy—the
mechanistic approach to understanding the spatiotem-
poral dynamics of a complex reaction network.


APPLYING PHYSICAL ORGANIC
APPROACHES TO COMPLEX SYSTEMS


The success of physical organic chemistry provides
motivation to apply its tools to other fields, including
systems biology. At first glance, the connection between
physical organic chemistry and the study of reaction
networks may not be obvious, but these two fields are
conceptually parallel. The mechanisms of organic reac-
tions are a result of the complex interactions among a
set of components—the atomic nuclei and electrons of
the organic molecules. One may use the Schrödinger
equation to describe these interactions, but solving this
equation to describe realistic reactions in polar solvents is
not easy, even with today’s computer power. Similarly,
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Figure 1. Amodular mechanism for the threshold response
in blood clotting may account for the dynamics at sites of
vascular damage. (a) A threshold response to clotting based
on the size of a patch of vascular damage (green) has been
postulated, in which small patches of damage do not initiate
clotting and large patches do initiate clotting (yellow). (b) A
rate plot for the proposed modular mechanism for the
threshold response.11 Three rate equations, one for each
module, are graphically represented (brown, gray, and blue
curves). The reaction rate for each equation is plotted against
the concentration of activators of clotting, [C]. The inter-
action between two modules, autocatalytic production of C
(brown line) and linear consumption of C (gray line), creates
two steady states in the system, which is the basis for the
threshold response. Reprinted with permission from refer-
ence 11 with minor modifications. Copyright 2004
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This
figure is available in colour online at www.interscience.
wiley.com/journal/poc


712 C. J. KASTRUP AND R. F. ISMAGILOV

the function of networks is also a result of the complicated
interactions among a set of components—biochemical
reactions. Differential equations may be written to
describe these systems, but solving these equations is
also difficult because of kinetics with time delays, highly
nonlinear interactions among many components, and
compartmentalization. In addition, for many biological
and chemical networks, new players are constantly being
discovered.6,7 Therefore, we wished to capitalize on this
parallelism to help uncover the mechanisms by which
reaction networks operate.


Physical organic chemists have developed an approach
that has been surprisingly successful for elucidating and
predicting the mechanisms of organic reactions. Rather
than treating molecules as an interacting set of electrons
and nuclei and then solving the Schrödinger equation,
this approach first separates molecules into modules—
functional groups, such as thiols and carbonyls. The
functional groups are further categorized into classes,
such as nucleophiles and electrophiles. Then, general
descriptions of the interactions of the functional groups in
a reaction are developed—reaction mechanisms, such as
the cycloaddition and the SN2 substitution mechanisms.
This approach is powerful because the knowledge gained
by studying functional groups and mechanisms in one
set of molecules and reactions is transferable to other
molecules and reactions.


We applied this approach to elucidate the mechanisms
governing complex networks. In networks, it is likely that
groups of interacting reactions are actually functioning
together as modules, as has been proposed.8–10 It is also
likely that the interaction of these modules constitutes
the basic mechanism for the network’s function. In
addition, these modules and mechanisms may be
generally applicable to other networks, as many networks
share similar dynamics, such as threshold responses,
amplification, oscillations, and hysteresis.


DEVELOPING A MODULAR MECHANISM
FOR HEMOSTASIS


We used this mechanistic approach as a basis for our
investigations of the complex network of hemostasis, which
regulates blood clotting (also called blood coagulation).
Specifically, we focused on initiation of blood clotting and
on the threshold dynamics of this system. Like many
complex networks, key molecular players in hemostasis are
known, but many overall properties of the network are not
understood. Elucidating the general mechanism by which
the network operates may shed light on how clotting is
initiated on areas of significant vascular damage and not on
small areas of damage, which are believed to be present
throughout the vascular system (Figure 1a). A general
mechanism may also explain how clotting, once initiated,
remains localized to regions of damage without spreading
throughout the vascular system.

Copyright # 2007 John Wiley & Sons, Ltd.

Utilizing the physical organic ideas described above,
we simplified the complex network of hemostasis by
reducing the �80 reactions of clotting into three
interacting modules.11 Each of the three modules was
assigned a corresponding rate equation, which are graphi-
cally represented in a rate plot (Figure 1b), and, together,
describe the threshold response of initiation of clotting. In
this mechanism, one module autocatalytically produces
an activator of clotting, C; a second module linearly
consumes C; and a third module forms a solid clot at high
[C]. Competition between production and consumption
of activators creates three steady states in the system
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(two are shown), which leads to a threshold response to
[C]. For small areas of vascular damage, [C] does not
exceed the threshold [C], [C]thresh, and clotting does not
occur. For large areas of vascular damage, [C] exceeds
[C]thresh, and clotting occurs.

Figure 2. ‘‘Clotting’’ in the chemical model shows a thres-
hold to stimulus patch size.24 (a) Schematic showing that
over time the chemical model initiates ‘‘clotting’’ (yellow) on
large patches (green) that produce Hþ, the stimulus of
‘‘clotting’’ in the model. (b) Time-lapse fluorescence micro-
graphs showing clotting on large patches, but not small
patches. (c) Graph quantifying the threshold response of
initiation of ‘‘clotting’’ to stimulus patch size in the chemical
model. Reprinted with permission from reference 24.
Copyright 2006 National Academy of Sciences, USA. This
figure is available in colour online at www.interscience.
wiley.com/journal/poc

TESTING THE MODULAR MECHANISM


To experimentally test this modular mechanism, we
utilized an additional physical organic approach—we
built a chemical model. Chemical models have been
used to advance our understanding on a broad scale of
complexity, from the reactivity of organic molecules12


and the functions of enzymes13–17 to spatiotemporal
dynamics of catalysis,18 oscillations in chemistry19 and
biology,20 oocyte development,21 and fibrillation in
myocardium.22 Importantly, the ability of the chemical
model to reproduce and predict the properties of blood
clotting would strongly support the proposed modular
mechanism for hemostasis.


To build this model, we substituted one reaction for
eachmodule, for a total of three reactions.11 Each reaction
had the same overall kinetics as the proposed module.
In the chemical model, the autocatalytic production and
linear consumption modules were represented by the
chlorite–thiosulfate reactions,23 which autocatalytically
produced and also consumed H3O


þ. The precipitation
module was represented by the precipitation of alginic
acid from alginate under acidic conditions, which is
representative of ‘‘clotting.’’


To test if this chemical model of the network of
hemostasis operated by the same mechanism as the one
we proposed for the threshold response in blood clotting,
we exposed the chemical model to surface patches of
clotting stimulus of various sizes.24 As was postulated for
clotting of human blood, ‘‘clotting’’ in the chemical
model showed a threshold response to patch size, where
‘‘clotting’’ occurred on large patches, but not on small
patches (Figure 2). This dynamics of the chemical model
was rationalized by considering reaction-diffusion equa-
tions and competition between production of activators
from the patch and diffusion of activators away from the
patch. This competition between production and diffusion
is described by the Damköhler number,25 Da¼ tD/tr,
where tD [s] is the timescale for diffusion of activators
from the center to off of the patch, and tr [s] is the time
scale for the production of activator at the patch. For small
patches, Da is small and diffusion out-competes produc-
tion. Diffusion of activators off the patch is fast, and the
concentration of activators necessary to initiate clotting
([C]thresh) is not produced. For large patches, Da is large
and production out-competes diffusion. Diffusion of
activators from the center of the patch to outside the patch
is slower than the time it takes for the concentration of
activators to reach the threshold. Based on this analysis,
the threshold patch size, ptr [m], can be predicted by

Copyright # 2007 John Wiley & Sons, Ltd.

the equation, ptr� (D� tr)
1/2, where D [m2s�1] is the


diffusion coefficient of the activator. Using this equation,
the experimental threshold patch size could be predicted
within a factor of �2 for the chemical model.


To test whether the chemical model described
the dynamics of the real biological system, we tested
the clotting of human blood plasma on patches of
stimulus.24,26 Clotting of human blood plasma showed a
threshold response to patches of stimulus of different sizes,
where the stimulus was either a lipid bilayer27 containing a
reconstituted enzyme (tissue factor28) or hydrophilic glass
(Figure 3). Surprisingly, the experimental threshold patch
size for human blood plasma could also be predicted
within a factor of �2 by using the same simple scaling
equation developed for the chemical model.

CONCLUDING REMARKS


This mechanistic approach of reducing the complex
network into a modular mechanism appears to work, at
least for blood clotting in vitro. Reducing the complex
network of hemostasis into modules allowed us to
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Figure 3. Clotting of human blood plasma displays a threshold response to the size of patches containing a stimulus.24 (a)
Schematic showing that over time blood will clot (blue) on large patches (white) of stimulus. In this experiment, the stimulus was
hydrophilic glass. (b) Time-lapse fluorescence micrographs showing clotting on large patches, but not small patches. Reprinted
with permission from reference 24. Copyright 2006 National Academy of Sciences, USA. This figure is available in colour online
at www.interscience.wiley.com/journal/poc
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identify a possible modular mechanism for the threshold
response of initiation of blood clotting. By building a
simple, experimental chemical model based on this
modular mechanism, we were able to reproduce and
predict properties of the hemostasis network, suggesting
that the modular mechanism is reasonable. In this review,
we have argued that the mechanisms of complex networks
can be elucidated by using a physical organic approach.
There are two main criteria that must be satisfied
to conclusively validate this approach. First, it must
be shown that mechanisms for one network can be
determined using this method. Here, we satisfied part
of this criterion by showing that predictions based on
the proposed mechanism for the complex network of
hemostasis could be made and verified in a simple in vitro
system. However, in order to conclusively show that this
mechanism is physiologically relevant, more experiments
must be done, especially experiments involving flow
and experiments in vivo.29 A future in vivo experiment
demonstrating the existence of a threshold response to
patch size for patches of a stimulus, either tissue factor,
collagen, or some other stimulus, would strongly support
the proposed mechanism. Second, modules and mech-
anisms of one reaction network must prove to be
transferable to other networks, just as the functional
group properties and reaction mechanisms of organic
molecules can be transferred from one set of molecules to
another. Several other reaction networks have groups of
autocatalytic reactions leading to threshold responses,
such as networks of apoptosis and quorum sensing. These
networks may be described by a modular mechanism
similar to the one we proposed for hemostasis. Additional
experiments must be conducted to test this hypothesis.


In addition to investigating the dynamics of specific
biological networks, the techniques described in this
review have the potential for investigating other aspects
of reaction networks as well. The combination of micro-
fluidics and nonlinear chemical systems may be used
to engineer artificial systems that perform the functions
of complex biological networks. For example, we
previously used microfluidics to build a synthetic reaction

Copyright # 2007 John Wiley & Sons, Ltd.

network that performed chemical 5000-fold amplification
of autocatalysts with a threshold response.30 This
synthetic reaction network has similarities to the chemical
model for hemostasis in that competition between pro-
duction of autocatalytic species and the removal of these
species by transport determines whether or not the system
produces a response. We also used these principles to
design systems that can detect low quantities of specific
chemicals30 and systems that can control nucleation and
growth of protein crystals.31 These types of synthetic
networks have also been used previously to understand
molecular connectivity and mechanisms within complex
reaction networks.32,33 Combining engineered reaction
networks with micro-scale technologies has broad
potential applicability to both understanding complex
networks and to the engineering of artificial systems.


We envision that this general approach of reducing the
complexity of networks with a modular mechanism and
model may be useful for understanding the mechanisms
in complex networks performing other functions as well.
Currently, we are applying these ideas to the study of
embryonic development.34 This approach for elucidating
a mechanism in blood clotting was based on principles of
physical organic chemistry. We find it exciting that these
approaches developed for physical organic chemistry
may be general and used for elucidating the mechanisms
of reactions as well as the mechanisms of other types of
chemical processes.
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ABSTRACT: Three reactions were studied in the diastereomers of 1-(benzenesulfonyl)-2-nitro-1-phenylpropane
(1A and 1B) and briefly in related compounds: elimination of the benzenesulfonyl group, epimerization of one
diastereomer to the other, and deuterium/hydrogen exchange at the methine group next to nitro in starting material.
The two diastereomers showed quite different reactivity. The high melting diasteromer showed rapid elimination and
some exchange. The low melting diastereomer (at approximately a half-life) showed extensive epimerization, and
elimination to the alkene, but little exchange. There is little effect of aromatic substituents on reaction course. The
situation is complicated by re-addition of benzenesulfinate to the alkene. The addition reaction was similar to
elimination in agreement with the Principle of Microscopic Reversibility expectations. An electron transfer
mechanism for addition is calculated to be comparatively favorable. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: deuterium exchange; epimerization; elimination; addition; nitro; sulfone


In the 1930s, Wilson, Hsu, Ingold, and Ives carried out
some of the first important studies of stabilized
carbanions.1–4 In a ketone with an alpha chiral center,
the rate of racemization was equal to the rate of
deuterium/hydrogen exchange and to the rate of
bromination. The indications were that stabilized long-
lived, planar carbanions were of little stereochemical
interest. Further work on stabilized anions was not
undertaken for many years. In the 1960s, Cram and
coworkers revitalized interest in the stereochemical fate
carbanions of lesser stability.5,6 Retention of configur-
ation in D/H exchange often occurred in reactions of
sulfones. Streitwieser and co-workers investigated the
kinetic acidities of an extensive series of carbon acids and
formulated equilibrium constants for acid dissociation.7,8


Still later, even stabilized carbanions were shown to have
non-random stereochemical behavior in specific circum-
stances of solvent and substituents.9,10


The present work concerns the diasteromeric nitro-
sulfones 1A and 1B (Scheme 1). Three reactions of
interest: (1) exchange, in which deuterium replaces
hydrogen, (2) elimination of benzenesulfinite, giving the
alkene 2, and (3) epimerization, where 1A forms 1B and


vice versa (always with exchange, in the present cases).
Substrates 1A and 1B show substantially different
behavior with sodium benzenesulfinite as base, under
the conditions of this study, that is, DMSOd6/D2O solvent
(10:1 v/v). This is the standard solvent of the present
study, unless otherwise specified. Late in the reaction
sequence, two other reactions became apparent: addition
of benzenesulfinite to the alkene 2 thus re-forming 1A-d
and 1B-d, and elimination of nitrite yielding the sulfone-
alkene 3.11,12


Studies by Bordwell and coworkers showed that
methyl phenyl sulfone was approximately 1012 times
weaker as a carbon acid than nitromethane in DMSO.13,14


In the present study, exchange a to nitro was indeed faster
than exchange a to the sulfone group in the early stages of
reaction. However, elimination of hydrogen a to the
sulfone and nitrite to form 3 occurred late in the reaction.
For 1b (Ar¼ 3-NO2Ph), 3 was the major product.15,16–18


The reactivity difference in the present case was hardly as
high as 1012, even allowing for the enhancement of the
aromatic group. Kinetic and equilibrium effects, of
course, need not be the same.7


For the high melting diastereomer 1A, elimination to
form the alkene 2 was extremely rapid at first. As the
reaction progresses, elimination appears to slow, and the
reaction does not proceed to completion. Exchange
occurs on 1A to form 1A-d, with very little 1B-d in
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evidence. Epimerization is the least significant process:
(kelim> kex� kep). In a typical case, after 62% of the
original 1A had disappeared, an almost equal quantity of
alkene 2 was formed. Of the remaining 1A, 39%
deuterium for hydrogen exchange had occurred giving
1A-d. At this point, only 3% of the second diastereomer,
1B-d, was in evidence (all exchanged).


The isomers 1A and 1B are not far different in stability,
and stability differences are not likely to weigh heavily on
the reaction results. Experimentally, 1B dominated at
equilibrium by about a factor of two. Molecular
mechanics (MMX force field)19 indicates a lower energy
for 1B over 1A by 0.07 kcal. PM3 calculations also
indicated similar stability of 1A (�27.46 kcal) and 1B
(�26.54 kcal) under ‘solvation model’ conditions, that is,
close to aqueous dielectric constant.20,21 For 4, isomer 4B
was favored over 4A by 1.2 kcal at the pBP/DN� level
under solvation conditions.


As the reaction progresses, the reaction mixture
becomes buffered due to formation of PhSO2H(D) as
elimination occurs, and kelim appears to slow. In fact, the
concentration of the alkene 2 declines after an initial
surge. The following plot shows a time study of the
reaction of 1A.


Under the buffered conditions, addition of PhSO2D to 2
occurs reforming 1A-d and 1B-d. This was shown by
using methanesulfinite and also 4-toluensulfinite as base.
With methanesulfinite (CH3SO


�
2 ) present, 1Awas almost


completely converted to the methanesulfonyl analog, 4
(plus alkene 2). The equilibrium ratio of 4B-d to 4A-dwas


again about 2:1. Treatment of 4A with benzenesulfinite
gave only small amounts of 1A-d and 1B-d.


C C


H


CH3


NO2


D


Ph


SO2CH3


4A-d (also 4B-d)


PhSO2
-1A-d ++  CH3SO2


-


The low melting diastereomer 1B is less reactive than
1A and shows more complex behavior. Epimerization of
1B to form 1A-d is quite rapid, as is elimination to form
the alkene 2. Exchange (1B! 1B-d) is very slow, that is,
k0ep� k0elim� k0ex. In a typical case, at a point where 41%
of the original 1B had disappeared, 23% of alkene 2 and
18% of 1A-d appeared. However, of the remaining 1B,
exchange to form 1B-d had occurred only to a few
percent. After 2 weeks, some unexchanged 1Bwas still in
evidence. Thus, 1B forms the intermediate carbanion
somewhat slowly, and carbanion does not return to form
1B-d. Thus, the elimination reaction is reversible (E1cbr)
in the case of 1A, but irreversible (E1cbir) in the case of
1B.22


OTHER REACTIONS


The reactions shown in Scheme 1 were remarkably
similar in cases where the aromatic group, Ar, ranged
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from 4-anisyl, 4-CH3Ph, Ph, 4-ClPh, to 3-NO2Ph.
Diastereomers 1A with various aromatic substituents
showed kelim> kex� kep and 1B (various substituents)
showed k0ep� k0elim� k0ex. As noted above, the 4-ClPh
and especially the 3-NO2Ph cases tended to form 3.
Reactions with more limited D2O present or limited
benzenesulfinite as base were unremarkable. Other bases,
such as acetate, triethyl amine, or even benzeneselenite (a
stronger base23) gave rapid elimination forming alkene
2.19 ‘Proton sponge’, N,N,N0N0-tetramethylnaphthalen-
1,8-diamine, initially showed results similar to benzene-
sulfinite as base.9 After the reaction has proceeded to a
few per cent, benzenesulfinite is generated, and this may
be the actual agent producing the chemical changes. The
ultimate product mixture was rich in 3. The sulfide
analogous to 1A underwent epimerization and exchange,
but elimination to form 2was of little importance. Studies
of the sulfoxide corresponding to 1Awere unsatisfactory
due to solubility problems.


CONCLUSIONS


The stereochemical outcome is that both 1A and 1B form
1A-d, although 1B-d dominates at equilibrium. The
addition of benzenesulfinite to 2 (below) likewise gives
1A-d at first, but 1B-d dominates at equilibrium. The
rationalization involves the putative carbanion intermedi-
ate 5. The energy advantage of 5 over 6 at the RHF/
6-31þG(2d,p) level was 5 kcal (somewhat less at lower
levels of theory).24 For the methanesulfonyl analog (4),
the energy preference is 3.7 kcal.24 No participation of the
sulfone group with the anion could be discerned in the
quantum calculations, that is, from NBO approximation
of the carbanion lone pair! (S—O)� interaction, or the
lp! (C—S)� interactions, both of which were negli-
gible.25


N


H
O


O
S


O


O


5 6


..


H


S O


O


..


CH3


N
OO


One of the sulfone oxygens shields the upper face of 5.
Approach of the hydrogen donor to the lower face (giving
1A) is unimpeded, whereas approach to the upper face of
5 (giving 1B), encounters steric inhibition. In addition, a
slight contra-steric non-planarity of the carbanionic
center appears in some higher level calculations on the
anion derived from 4 (e.g., bPB/DN� and SWVN/DN� in
Spartan).21 The methyl and nitro in 5 are slightly tilted


upward which would further favor approach of the proton
donor to the lower face. The ‘HOMO density’ image
provided by Spartan (the initial graphic for this
publication) shows a markedly higher ‘HOMO density’
on the lower face of 5 (blue in color). It is as if the sulfonyl
group repels electron density to the lower side of the
carbanion carbon. Initial protonation of the nitro group
giving an acinitro compound, followed by tautomerism
encounters the same intermediates and would be subject
to the same effects.10,26–29


ADDITIONS


Anionic additions to activated alkenes have received little
attention with regard to mechanism, despite their wide
synthetic utility. By the Principle of Microscopic
Reversibility,30addition of benzenesulfinite to the alkene
2 to form 1A and 1B should be the mechanistic reverse of
the elimination process. As a practical matter, an acidic
hydrogen donor is necessary for these addition reactions.
Thymol (pKaca. 10) is ineffective. Acetic acid (pKaca. 5)
works, but the reaction is slow. Trifluoroacetic acid (pKa


0.3) enables rapid reaction.
In general microscopic reversibility appears to be


upheld. In the presence of trifluoroacetic acid, (DMSOd6
as solvent, no D2O), the initial addition product is largely
1A, although 1B dominates at equilibrium. In some cases,
3 forms as well. In the presence of CD3COOD, as proton
donor, the addition reaction is very slow, and 1A
again dominates at first, by a small margin. With TFA
in DMSOd6:D2O (10:1 v/v) as solvent, the addition
reaction is again slow.


The question arises as to mechanism of addition. An
initial attack of acid on the nitroalkene 2 followed by
attack of benzenesulfinite on the carbocation is incon-
sistent with the presence of the electron withdrawing nitro
group. Addition to propenylbenzene, which lacks the nitro
group, did not occur. The remaining possibilities are: (1) a
termolecular process involving attack of benzenesulfinite
and more or less simultaneous hydrogen donation by the
acid (similar to the Ade3 mechanism in electrophilic
additions),31 (2) a two-step mechanism involving attack
of benzenesulfinite in the first step, followed by
protonation of the intermediate anion by the hydrogen
donor, and (3) a single electron transfer process in various
ramifications.9,32–37 Mechanism (1) is inconsistent with
the studies of the elimination process in which D for H
exchange occurs in one isomer, but not the other. If
mechanism (1) were in effect, equilibration of isomers
would require a separate reaction. These processes seem
best explained via a carbanionic intermediate, either via
mechanism (2) or a carbanion ultimately formed in one of
the variants of mechanism (3). The qualitatively greater
reaction rate as acid strength increases suggests that the
second step of mechanism (2) is rate determining. This
means only that the rate of protonation of the anion 5 is
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slower than reversion of the anion to the alkene 2.
However, it is not possible to distinguish definitively
between mechanisms (2) and (3). Dinitrobenzene did not
inhibit the addition or elimination reactions.9


Calculations [RHF/6–31þG(2d,p) and UHF/6–
31Gþ(2d,p) (DK¼ 1)] place the direct two-electron
addition to form a carbanion intermediate 5 [mechanism
(2)] 3.5 kcal lower in energy than an electron transfer
process yielding a nitro alkene radical-anion and a
benzenesulfonyl radical [mechanism (3)]. These simu-
lations involved intermediates (not transition states) since
there is no obvious way to simulate the transition state for
electron movement. The optimization of the radical-anion
with counterpoise correction failed repeatedly in our
hands. The older ‘massage’ type of calculation using
single-point calculations on previously optimized struc-
tures suggests that the BSSE correction is ca. 0.5 kcal for
each fragment.38 This would reduce the energy difference
in mechanism (1) versus (3) to ca. 2.5 kcal. On a kinetic
basis, the entropic advantage of single electron transfer
should favor mechanism (3) further. In any case,
mechanism (3) appears to be roughly competitive to
mechanism (2) in energy.


EXPERIMENTAL PART


Addition of sodium benzenesulfinate to 2-nitro-1-phe-
nylprop-1-ene (2) gave the high melting and low melting
addition products 1A and 1B. Neither the needles of the
high melting isomer, nor the cubes of the low melting
isomer were adjudged suitable for crystallographic
structure determination. These were distinguished in
the following way. The NMR vicinal coupling constants
were rather high: high melting isomer, JAB¼ 10.7Hz
(CDCl3); low melting isomer, JAB¼ 8.5Hz (CDCl3). The
calculated coupling constants were 10.6 and 10.5Hz,
respectively. No basis for judgment exists from calculated
J values. However, the solvent effect seemed determi-
native. The major conformers are shown below:


H


H


SO2Ph


NO2CH3


Ph


H


H


SO2Ph


O2N CH3


Ph


H


H


SO2Ph


O2N


CH3


Ph
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1A-a 1A-g


1B-a 1B-g


In fairly low dielectric constant media, CDCl3,
DK¼ 4.8, the most favored conformers have anti-vicinal
hydrogens, as molecular mechanics calculations indicate.
For 1A, the dominant conformation (1A-a) has the added
advantage that dipole repulsion between nitro and the
sulfone group is minimized. For 1B, the gauche
conformer, 1B-g, has some importance, since dipolar
repulsion of nitro versus sulfone is reduced, although
there are three gauche interactions between sizable
groups. In 1B-a, there are fewer gauche interactions, but
dipolar repulsion is significant. In higher dielectric
constant media (DMSOd6, DK¼ 48), dipolar repulsion
is attenuated or rendered less significant.39–42 So, 1A is
increasingly populated by conformers, such as 1A-g, and
the average vicinal coupling constant decreases,
JAB¼ 9.9Hz. For 1B, conformer 1B-a becomes more
highly populated, since dipolar repulsion is of less
significance, and JAB increases to 10.4Hz. Molecular
mechanics simulations at various dielectric constants
agree with the above findings in general trends.19 In
CDCl3, the chemical shift of the methyl group is
d2.17 ppm for 1A, compared to d1.51 ppm for 1B, since
the phenyl group shields methyl for the major conformer
of 1B-a, but not 1A-a. The similarity of the chemical
shifts for 4A,B to 1A,B shows that the benzenesulfonyl
aromatic group has little influence.


PREPARATIONS


Compound 2 was prepared by the solventless method of
Knoevenagel.43 Condensations in solution did not work
well in our hands. General method for preparing
compounds 1A and 1B: Compound 1A (Ar¼ Ph), was
prepared by placing the appropriate alkene, in this case 2,
0.60 g (3.6mmol) with sodium benzenesulfinite, 0.80 g
(4.9mmol) in dimethyl sulfoxide (minimum water
present), 20mL, plus trifluoroacetic acid, 0.1mL with
short warming to ca. 60 8C, then allowing to stand at room
temperature for ca. 1 day. Water was added, and a
precipitate formed upon long standing. The mixture was
extracted with methylene chloride (2� 50mL), and the
combined organic layers extracted twice with water/
ammonium sulfate, dried (magnesium sulfate), filtered,
and the solvent evaporated. The remaining material was
recrystallized using the triangle scheme (lead fractions,
using ethanol as initial solvent, moving to ether/hexane
mixtures for late fractions. The high melting fraction, 1A,
totaled 0.32 g, mp 148.5–150.0 8C (needles). NMR
(DMSOd6): d1.78 (d, 3, CH3), 5.18 (d, 1, CHPh,
J¼ 9.9Hz), 5.56 (dq, 1, CHNO2, J¼ 7, 9.9Hz), 7.1–
7.6 (m, 10, Ph). High resolution mass spectrometry:
calculated for C15H14NO4S m/z 305.0722, observed
m/z 305.0728, (variance, 2.1 ppm). Compound 1B was
obtained from late fractions, and totaled 0.034 g.
When recrystallized to purity it showed mp 118.5–
119.2 8C (cubes). NMR(DMSOd6): d1.29 (d, 3, CH3),
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5.21 (d, 1, CHPh, J¼ 10.4Hz), 5.64 (dq, 1, CHNO2,
J¼ 7,10.4Hz), 7.2–7.7 (m,10,Ph). High resolution mass
spectrometry: for C15H14NO4S, calculated m/z 305.0722,
observed m/z 305.0719 (variance, 1.0 ppm). Later
fractions returned 2 as an uncrystallizable oil.


Compound 1B (Ar¼ 4-anisyl) was prepared similarly,
except that acetic acid was used as solvent, mp 114.4–
116.08C. High resolution FAB: for C16H17NO5S, calcu-
lated (mþH)þ 335.0900, observed (mþH)þ 336.0912
(variance, 2.0 ppm). For this and subsequent compounds,
the NMR spectrum was extremely similar to 1A or 1B.


Compound 1A (Ar¼ 4-CH3Ph) was prepared similarly,
although only the high melting isomer was obtained,
mp 128.0–128.5 8C. The other diastereomer was present,
but difficult to separate from 2. High resolution mass
spectromectry: for C16H17NO4S, calculated m/z 319.0878,
observed m/z 319.0873 (variance, 1.8 ppm).


Compound 1A (Ar¼ 4-ClPh) was prepared similarly,
mp 146.0–147.5 8C. High resolution mass spectrometry:
for C15H14ClNO4S, calculated m/z 339.0332, observed
m/z 339.0321 (variance, 3.4 ppm).


Compound 1B (Ar¼ 3-NO2Ph) was prepared similarly,
mp 149.7–152.8 8C. High resolution mass spectrometry:
for C15H14N2O6S; the molecular ion at m/z 350.0573 was
not observed. The [m-NO2] peak was prominent at m/z
304.0630 (variance 4.6 ppm).


Compound 3 (Ar¼ 4-ClPh) was prepared by treating 2
(Ar¼ 4-ClPh), (2.0 g, 10.1mmol), with sodium benze-
nesulfinite (1.7 g, 10.1mmol) in DMSO (20mL) and
acetic acid (1mL) with occasional gentle heating (ca. 40–
50 8C) for ca. 5 days. The reaction mixture was poured
into water and extracted back-and-forth into methylene
chloride, dried (sodium sulfate), and the solvent
evaporated. After much difficulty, crystallization was
induced from ethanol, after which this material (0.44 g)
was recrystallized from ethanol, mp 75.0–75.9 8C. High
resolution FAB: for C10H13O2S, calculated m/z
292.032479, observed m/z 292.032998 (variance,
1.8 ppm). 1H NMR (CDCl3): d1.71 (d, 3, CH3,
J¼ 7.0Hz), 7.0–7.7 (m, 10, aromatic plus olefinic
hydrogens). 13C NMR: 14.9 (CH3), 128.4, 128.7,
128.8, 132.0, 133.2, 138.6 (aromatic plus alkene
carbons).


Compound 4B was prepared by treating 2 (1.0 g,
6.1mmol) with sodium methanesulfinite (0.82 g, 8mmol)
in DMSO solvent (20mL) (over molecular sieve) and TFA
(0.1mL). Work up, as before, and two recrystallizations
from ethanol gave 4B, mp 156.9–157.4 8C, 0.15 g. The
other diastereomer was present, but was very hard to
separate from unreacted 2. Chromatography on alumina
should be avoided. Chromatography on silica gel gave
additional 2 only. High resolution FAB: for C10H13NO4S,
calculated (mþH)þ 244.0638, observed (mþH)þ 244.0651
(variance, 2.9 ppm). NMR (CDCl3): d1.50 (d, 3, CHCH3,
J¼ 7Hz), 2.71 (s, 3, CH3SO2), 4.98 (d, 1, CHPh, J¼
8.0Hz), 5.50 (dq, 1, CHNO2, J¼ 7, 8.0Hz), 7.43 (apparent s,
5, Ph).


TIME STUDY OF THE REACTIONS


The time study plot (as well as regular runs) was made
using a sample made up from ca. 15mg of substrate in
0.6mL DMSO-d6/0.06mL D2O with 15mg of sodium
benzenesulfinite. The progress of the reactionwas followed
by NMR integration of peaks whose position was known
from independent determination. The determinations were
made at intervals of minutes at the beginning, lengthening
to weeks as equilibrium was approached. The disappear-
ance of starting material was similarly determined.
Repeated trials gave very similar results.


COMPUTATIONAL METHODS


For molecular mechanics calculations, several compu-
tational packages were tested, PCModel,44 ChemSite,45


and Chem3DPro.46 PCModel (MMX force field) pro-
vided results most consistent with NMR determinations
of conformation and with equilibrium data. The MM2
force field was not completely parameterized for this
structure, which adversely affected Chem3DPro. The
molecular dynamics option was used (300K) to establish
the dominant conformations. The title graphic was
determined with PCSpartanPro, at the RHF/6-31þG�


level (the ‘HOMO density’ mode of visualization). The
‘HOMO density’ was checked with density functional
methods available in the Spartan package, SVWN/DN�


and pBP/DN� (similar to B3LYP). The SVWN/DN� basis
set often provides quite different data, but in this case, the
‘HOMO densities’ were reasonably similar. In general,
the preferred basis set for all calculations was B3LYP/6-
31þG(2d,p), where possible to the normal four-parameter
criterion for termination used by Gaussian.24 The data
was checked at a range of basis sets to ensure that no
anomalies were present. Considerable attention was
devoted to finding the most favorable conformation.
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ABSTRACT: Quantum chemistry study was performed on interaction between tetramethylammonium (TMA) and
aromatic cages by means of the MP2 method to show how TMA sits in an aromatic cage that is composed of benzenes.
The MP2 calculations on TMA–(benzene)n complexes demonstrate that the more the benzene molecules in
the aromatic cage, the stronger the binding strength between the cage and TMA. In details, the structure of
TMA–(benzene)n (n¼ 1–4) complexes can be easily constructed by superimposing n TMA-benzene complexes
via TMA, and the binding energies of the TMA–(benzene)n complexes are the sum of the n corresponding
TMA-benzene systems. For instance, the distances between the N of TMA and the plane of the benzene ring are
4.238, 4.252, 4.264 ,and 4.276 Å, respectively, for TMA–(benzene)n (n¼ 1–4) complexes, and the BSSE corrected
binding energies at MP2/6-311þþG�� level are �8.8, �17.3, �25.8 and �34.3 kcal/mol, respectively, for TMA–
(benzene)n (n¼ 1–4) complexes. Thus, this study provides us useful information on how a cation interacts with an
aromatic cage in terms of complex geometry and binding strength. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: cation–p interaction; nocovalent intreraction; tetramethylammonium; morokuma decomposition analysis

INTRODUCTION


The interactions between cations and aromatic rings are
generally viewed as cation–p interaction,1–2 which plays
an important role in the binding of proteins and their
ligands at the binding site.3–7 Energetically, a cation–p
interaction is comparable to a typical hydrogen bond, and
in some cases the interaction is even stronger than a
typical salt bridge.8 In the X-ray structure of Torpedo
california AChE (TcAChE), the interaction between ACh
and Trp84 provides one of the best-documented examples
of cation–p interaction in ligand-receptor recognition.9,10


Meanwhile, protein crystal structures demonstrate that a
cation is capable of binding with 3 or 4 aromatic
residues.11–20 For example, there are three tryptophan
residues in the X-ray structure of the periplasmic ligand
binding protein ProX (PDB code 1R9L)11 interacting
simultaneously with the positively charged quaternary
amine of the ligand glycine betaine via three of the indole

to: Prof. W. Zhu or H. Jiang, Drug Discovery and
hanghai Institute of Materia Medica, Chinese Acad-
555 Zuchongzhi Road, Shanghai 201203, China.
mail.shcnc.ac.cn; hljiang@mail.shcnc.ac.cn


7 John Wiley & Sons, Ltd.

groups of the residues. Similar cation–p interaction
between a cation and three aromatic residues, has also
been found in the X-ray structure of a choline-binding
domain in LytA (PDB code 1HCX).12 Aleshin et al.,
found that the protonated Lys108 in the crystal structure
of glucoamylase is surrounded by two tryptophans and
two tyrosines, an example of the interaction of a cation
with as many as four aromatic rings.13 The X-ray
structure of the Kþ channel shows that the mouth of the
extracellular entrance is composed of four aromatic rings
from four of the conserved tyrosines.14–17 Electrophysio-
logical data suggest that the mechanism of blocking of the
channel by quaternary ammonium moieties involves the
interaction of the cationic moieties with the four phenol
groups.18–20 All these structural and functional data show
a fact that a single cation can interact with one, two, three,
or as many as four aromatic rings. In other words, a cation
may stably sit in a cage composed of several aromatic
systems.


However, little research has been devoted to the
interaction of a cation with multi–p systems, relative to
the extensive studies performed for the simpler cation–p
interaction.21–32 Certain critical issues need to be
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addressed, such as, whether the interaction of a cation
with multi–p systems possesses characteristics similar to
1:1 cation–p systems. Previously, we carried out a
theoretical study on several p–cation–p sandwiches, and
found additivities of both structural and energetic
parameters as comparing with simple cation–p systems.21


Then, could these conclusions be extended to the
interaction of a cation with three or with four p systems?
How can the binding strength of a cation with an aromatic
cage be estimated? Here we reported our computational
study results on complexes TMA–(benzene)n (n¼ 1–4),
to answer these questions.


COMPUTATIONAL DETAILS


In the present study, tetramethylammonium (TMA) cation
was used to represent the cationic group found in the
crystal structures of PDB, and benzene was used to mimic
aromatic system. The initial structures of the complexes
of a TMA with one, two, three, and four benzenes
were designed and shown in Figures 1a, 1b, 1c, and
1d, respectively, to mimic the interaction modes in
protein crystal structures. All the TMA–(benzene)n
(n¼ 1–4)complexes, free TMA and benzene were fully
optimized at MP2/6-31G� level. Frequency calculations
at the same level were then carried out for each optimized
structure to see whether they are true minimum energy
structures on the potential surfaces. The binding energies,

Figure 1. Optimized structures of TMA–(benzene)n (n¼ 1–4) com
available in colour online at www.interscience.wiley.com/journal


Copyright # 2007 John Wiley & Sons, Ltd.

DE, were calculated at the MP2/6-311þþG��//MP2/
6-31G� level using the equation below.33


DE ¼ ETMA�ðbenzeneÞn � ETMA � n � Ebenzene


It was then corrected by both the basis set superposition
error (BSSE) and the zero-point energy (ZPE)


DEcorr ¼ DE þ BSSE þ DZPE


The BSSE was estimated by using the equation


BSSE ¼ fETMA � ETMA� ½ðbenzeneÞn�g


þ fEðbenzeneÞn � E½TMA� � ðbenzeneÞng


Where ETMA�½ðbenzeneÞn� (or E½TMA��ðbenzeneÞn) is the
energy of fragment TMA (or benzene system), based
on the geometry extracted from the optimized structure,
with its own basis set augmented by the basis set of
benzene system (or TMA). ETMA (or (E(benzene)n) is the
energy of isolated fragment TMA (or benzene system),
with just its own basis set. The ZPE was estimated at the
MP2/6-31G� level. The calculation was performed using
Gaussian03 software.34


Morokuma decomposition analysis35 on binding
energy was carried out at the HF/6-31G�//MP2/6-31G�


level by using the software GAMESS36 on Pentium IV
PCs, to investigate the factors affecting the binding
between TMA and benzene systems.

plexes and free TMA monomer (distances in Å). This figure is
/poc
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RESULTS AND DISCUSSION


Additivity in complex geometry


All the optimized TMA–(benzene)n (n¼ 1–4) complexes
and free TMA structures at the MP2/6-31G� level were
depicted in Fig. 1, which possess the same symmetries as
in their initial structures. The vibrational frequency
analysis at the same level gave no imaginary frequencies,
suggesting that all the optimized structures are true
energy minimum structures. The interaction between
TMA and each benzene ring in TMA–(benzene)n
(n¼ 1–4) is accomplished principally via three of its
hydrogen atoms, each from one of the three methyl
groups of TMA, very similar to that in TMA–benzene
structure.


Figure 1 also provides the geometry parameters of the
optimized structures. Comparing with free TMA,
cation-p complexation leads to a slight contraction of
the TMA C—N bonds and a slight elongation of the TMA
C—H bonds. For example in TMA–(benzene)4 complex,
the C—N bond length decreases by 0.005 Å, while the
C—H bond length increases by 0.001 Å. Table 1
summarizes the calculated perpendicular interaction
distances between TMA and the benzene rings in the
complexes. At MP2/6-31G� level, the distances between
the N of TMA and the plane of the benzene ring are 4.238,
4.252, 4.264, and 4.276 Å for TMA–(benzene)n (n¼ 1–4)
complexes, respectively. The distances are very similar in
all TMA–(benzene)n (n¼ 1–4) complexes, and are
elongated by less than 0.04 Å in TMA–(benzene)n


(n¼ 2–4) complexes relative to the values in the
TMA-benzene complex.


No other significant geometrical differences were
observed. Thus, the structural unit of TMA–(benzene)n
(n¼ 2–4) complexes is also the TMA–benzene complex,
suggesting an additivity in the complex geometry of TMA
with 2, 3 or 4 aromatic rings. In other words, the structure
of TMA–(benzene)n (n¼ 2–4) complexes can be derived
by adding benzene in a tetrahedral fashion taking
advantage of the C—H interaction. For TMA–(benzene)4


complex, the four benzene molecule just like the four
plane of a tetrahedron around TMA.

Additivity in binding strength


The calculated energetic parameters at different levels
were summarized in Table 2. At MP2/6-311þþG�� level,
the BSSE and DZPE corrected binding energies, DEcorr,

Table 1. Calculated distances (in Å) from the N atom of TMA t


Complex TMA-benzene TMA-(benzene)2


Distance 4.238 4.252


Copyright # 2007 John Wiley & Sons, Ltd.

are �8.2, �16.1, �24.2 and �32.2 kcal/mol, respectively
for TMA–(benzene)n (n¼ 1–4) complexes. Clearly, the
binding energy between TMA and the aromatic cage of
the TMA–(benzene)n (n¼ 2–4) complexes could be
easily estimated as the sum of the binding energies of
n corresponding TMA-benzene systems, indicating an
additivity in binding strength, which is similar to the
previous findings in p–TMA–p sandwiches.21 To further
illustrate the linear proportion, the energy values at MP2/
6-311þþG�� level were plotted versus the number of
benzene ring in the aromatic cage. Regression analysis
revealed correlation coefficients (R2) of 1.0000 and
1.0000 for DE and DEcorr, respectively, demonstrating a
perfect linear correlation between binding strength and
the number of the aromatic rings.


The calculated BSSE values at MP2 level are quite
large relative to whole binding energies. At MP2/
6-311þþG�� level, the percentage of BSSE over DEcorr


are 36.6%, 38.5%, 39.3% and as high as 40.4%,
respectively, for TMA–(benzene)n (n¼ 1–4) complexes
(Table 2). Similar to our previous studies,21–23 correction
of BSSE is essential for TMA–(benzene)n (n¼ 1–4)
complexes. Furthermore, Table 2 reflects another
additivity that the BSSE values for the TMA–(benzene)n
(n¼ 2–4) complexes are the sum of BSSE for n
stand-alone TMA–benzene complexes. At MP2/
6-311þþG�� level, the correlation coefficient (R2) values
between the BSSEs and n are 0.9991 for TMA–
(benzene)n (n¼ 1–4) complexes. In comparison with
the MP2 BSSE, the BSSE values calculated by B3LYP/
6-311þþG��//MP2/6-31G� and HF/6-311þþG��// MP2/
6-31G� methods are quite small, which are less than
2.5 kcal/mol in all complexes.


The ZPE corrections for the MP2 binding energy were
performed at MP2/6-31G� level, which is quite small in
comparison with the overall binding energy and with the
MP2 BSSE correction. It ranges from 0.6 to 2.1 kcal/mol
for TMA–(benzene)n (n¼ 1–4) complexes. Interestingly,
the linear proportion property in DZPE also exists. At the
MP2/6-31G� level, the correlation coefficient (R2) values
between the DZPE and the number of benzene ring (n) are
0.9942.


It is recognized that the HF theory does not take into
account the electron correlation, and that the B3LYP
version of DFT method cannot deal properly with the
dispersion interaction.37–39 Thus, the difference in
DEBSSE between the HF and MP2 methods could be
roughly viewed as the contribution of the electron
correlation (Ee–c),


37 whereas the difference between the
B3LYP and MP2 methods can be approximately regarded

o the plane of benzene at the MP2/6-31G� level


TMA-(benzene)3 TMA-(benzene)4


4.264 4.276
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Table 2. Calculated energy parameters (kcal/mol) for TMA–(benzene)n (n¼1–4) complexes based on the MP2/6-31G�


optimized structures


(a) At the MP2 level


Basis set Absolute energy DE BSSE DEBSSEa DZPE DEcorrb


TMA-(benzene)1 6-31G� �444.8499560 �11.1 2.7 �8.4 0.6 �7.8
6-311þþG�� �445.1450768 �11.8 3.0 �8.8 — �8.2


TMA-(benzene)2 6-31G� �676.3242113 �21.5 5.2 �16.3 1.2 �15.1
6-311þþG�� �676.7479699 �23.5 6.2 �17.3 — �16.1


TMA-(benzene)3 6-31G� �907.7974907 �31.2 7.5 �23.7 1.6 �22.1
6-311þþG�� �908.3509856 �35.3 9.5 �25.8 — �24.2


TMA-(benzene)4 6-31G� �1139.2699080 �40.4 9.8 �30.6 2.1 �28.5
6-311þþG�� �1139.9542339 �47.3 13.0 �34.3 — �32.2


(b) At the HF/6-311þþG��//MP2/6-31G� level


Absolute energy DE BSSE DEBSSEa Ee-c
c Ee-c%


d


TMA-(benzene)1 �443.5034039 �3.7 0.5 �3.2 �5.6 63.6
TMA-(benzene)2 �674.2639407 �6.9 1.1 �5.8 �11.5 66.5
TMA-(benzene)3 �905.0235618 �9.4 1.6 �7.8 �18.0 69.8
TMA-(benzene)4 �1135.7822366 �11.3 2.2 �9.1 �25.2 73.5


(c) At the B3LYP/6-311þþG��//MP2/6-31G� level


Absolute Energy DE BSSE DEBSSEa Edisp
e Edisp%f


TMA-(benzene)1 �446.5429215 �5.3 0.6 �4.7 �4.1 46.6
TMA-(benzene)2 �678.8611969 �9.7 1.1 �8.6 �8.7 50.3
TMA-(benzene)3 �911.1785621 �13.5 1.8 �11.7 �14.1 54.7
TMA-(benzene)4 �1143.4950231 �16.8 2.5 �14.3 �20.0 58.3
a BSSE- corrected binding energy.
b BSSE- and ZPE- corrected binding energy, ZPE predicted at MP2/6-31G� level.
c Ee-c is the estimated electron correlation energy, the DEBSSE difference between HF/6-311þþG��//MP2/6-31G� and MP2/6-311þþG��//MP2/6-31G� level.
d The percentage contribution of Ee-c to DEBSSE at MP2/6-311þþG�� level.
e Edisp is the estimated dispersion energy, the DEBSSE difference between B3LYP/6-311þþG��//MP2/6-31G� and MP2/6-311þþG��//MP2/6-31G� level.
f The percentage contribution of Edisp to DEBSSE at MP2/6-311þþG�� level.
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as the contribution of the dispersion interaction
(Edisp).38,39 For TMA–(benzene)n (n¼ 1–4) complexes,
the contribution of Ee–c are �5.6, �11.5, �18.0, and
�25.2 kcal/mol, respectively, and the contribution of Edisp


are �4.1, �8.7, �14.1, and �20.0 kcal/mol respectively.
At the MP2/6-311þþG�� level, the percentage contri-
bution of Ee–c to DEBSSE are 63.6%, 66.5%, 69.8%,
73.5%, respectively for TMA–(benzene)n (n¼ 1–4)
complexes, suggesting that electron correlation is the
dominant component of the binding energy. Remarkably,
dispersion interaction is the major part of the electron
correlation (Table 2), therefore, play essential role in the
binding. For TMA–(benzene)n (n¼ 1–4) complexes, the
percentage contribution of Edisp to DEBSSE are 46.6%,
50.3%, 54.7%, and 58.3% respectively. When the number
of benzene rings increases, the percentage contribution of
Ee-c to DEBSSE increases, so does the percentage
contribution of Edisp to DEBSSE. The more the benzene
rings, the larger percentage contribution of electron
correlation, and the larger percentage contribution of
dispersion interaction. The reason of the trends is unclear.


Besides the very weak interaction among aromatics in
the complexes, there might be two more causes for the

Copyright # 2007 John Wiley & Sons, Ltd.

existing of the additivity. First, the potential well along
the interaction distance should be very flat. Indeed, a
potential energy scan that we performed for the aromatic
cage (benzene)4 at the MP2/6-31G�� level revealed a little
difference of 0.4 kcal/mol as the distance (from the center
of the cage to the benzene ring) varies from 4.276 Å to
10.276 Å. Second, the interaction distance is very similar
among different systems (4.238 Å to 4.276 Å), leading to
similar binding strength between the cation and each
aromatic.


Charge transfer


The Mulliken, NPA40 (natural population analysis), and
ChelpG41 (electrostatic potential charges from electro-
static potentials generalized) atomic charges were
calculated at the MP2/6-31G� level using the MP2
density. Then a complex was divided into two parts: TMA
and the aromatic aggregate. Table 3 summarized the
calculated charges.


All the three types of atomic charges show that charge
transfer from TMA to benzene takes place (Table 3),
indicating that charge transfer is involved in the binding
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Table 3. Charge transfer among TMA and benzene (BZ) at
the MP2/6-31G� level


TMA-
BZ


TMA-
(BZ)2


TMA-
(BZ)3


TMA-
BZ)4


Mulliken TMA 0.928 0.866 0.812 0.764
(benzene)n


a 0.072 0.134 0.188 0.236
benzeneb 0.072 0.067 0.063 0.059


NPA TMA 0.978 0.960 0.944 0.931
(benzene)n


a 0.022 0.040 0.056 0.069
benzene b 0.022 0.020 0.019 0.017


ChelpG TMA 0.845 0.715 0.602 0.503
(benzene)n


a 0.155 0.285 0.398 0.497
benzeneb 0.155 0.143 0.133 0.124


a The total transferred atomic charges.
b the transferred atomic charges on each benzene.
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of TMA to aromatic cage. Among the three types of
atomic charges, ChelpG has the biggest value and NPA
has the smallest. Although different algorithms release
different values, the total transferred charge values
increases when the number of benzene ring increases,
while the amount of transferred charges on each benzene
ring decreases slightly. Using the ChelpG charge as a
reference, the total transferred charge values are
0.155, 0.285, 0.398, and 0.497, respectively, while the corres-
ponding transferred charges on each benzene are 0.155,
0.143, 0.133, and 0.124, respectively, for TMA–
(benzene)n (n¼ 1–4) complexes.


Energy decomposition analysis


A breakdown of the full molecular interaction energy into
a number of components can offer insight into the
fundamental nature of the interaction. One popular means
of such decomposition is via an approach developed by
Morokuma and his colleagues.35 The studied complexes
were divided into two parts: TMA and the aromatic
aggregate, corresponding to monomer 1 and monomer 2
for decomposing the cation-p interaction using the
software GAMESS.36 Morokuma decomposition analysis
was performed at the HF/6-31G� level, based on the MP2/
6-31G� optimized structure. The calculated results were
summarized in Table 4, in which the ES, EX, PL, CT,
MIX, and DE denote electrostatic, exchange repulsion,
polarization, charge transfer, high order coupling, and
total binding energies, respectively. The EX, CT, MIX

Table 4. Morokuma decomposition analysis on binding
energy at the HF/6-31G�//MP2/6-31G� after BSSE correction
(kcal/mol)


DE ES EX PL CT MIX


TMA-(benzene)1 �4.7 �7.3 6.6 �1.8 �3.2 1.0
TMA-(benzene)2 �8.9 �14.0 12.5 �3.4 �6.2 2.2
TMA-(benzene)3 �12.7 �20.3 17.9 �4.8 �8.9 3.4
TMA-(benzene)4 �16.1 �26.4 22.9 �5.9 �11.4 4.8


Copyright # 2007 John Wiley & Sons, Ltd.

and DE values were corrected by BSSE estimated with the
software GAMESS as well.


Table 4 shows that ES, CT, and PL are always favorable
to the binding between TMA and benzene aggregates. In
all cases, the ES is the most important binding
component; the CT and the PL make smaller contri-
butions as well. The CT component tends to be larger in
magnitude than the PL in all cases. On the other hand,
Table 4 shows that exchange repulsion and high order
coupling are always unfavorable to the binding between
TMA and aromatics. The main obstacle to the binding
comes from exchange repulsion, according to the
decomposition results.

CONCLUSIONS


In conclusion, our study on TMA–(benzene)n (n¼ 1–4)
complexes revealed a cation could stably sit in an
aromatic cage. The more the cage has aromatic
monomers, the stronger the binding strength between
the aromatic cage and the cation. In details, additivities of
both the geometries and the binding energies were
observed through this study. The preferred structure of a
TMA–(benzene)n (n¼ 2–4) complexes can be obtained
by adding benzene in a tetrahedral fashion taking
advantage of the C—H interaction. The binding energies
of the TMA–(benzene)n complex are the sum of n number
of TMA–benzene systems. The contribution of electron
correlation to the overall binding energy was estimated to
be at least 63.6%, with dispersion serving as the main
component of the electron correlation interaction. Charge
transfer takes place when TMA binding to the benzene
aggregate. Energy decomposition analysis shows that the
electrostatic, charge transfer and polarity always impel
the binding between TMA and the aromatic cage,
whereas the exchange repulsion and high order coupling
always hamper the binding. Our result not only
demonstrates that it is energetically favorable a cation
sitting in an aromatic cage, but also provide an easy and
accurate way to evaluate the binding between a cationic
ligand and an aromatic cage in protein.
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ions have been carried out upon epichlorohydrin and epibromohydrin
P2) levels of theory to explore the reactivity of these species with


respect to nucleophilic attack by water under acidic conditions in the gas phase and aqueous solution. These results
suggest that nucleophilic attack occurs preferentially at the epoxy carbon atoms in both the gas phase and aqueous
solution. These results are in contrast to those found for nucleophilic attack under basic conditions, where attack at the
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INTRODUCTION


In two previous papers,1 we reported the results of our
computational investigations into the reactivities of
epihalohydrins in the gas phase and aqueous solution
under basic conditions. Specifically, we addressed the
question: Does nucleophilic attack by an archetypal hard
nucleophile (hydroxide, OH�) occur at the C1 methylene,
C2 methine, or C3 methylene positions of epichlorohy-
drin (Ia) and epibromohydrin (Ib)?


A computational approach to the study of the gas-phase
behavior of these systems is necessitated, as experimental
approaches (e.g., mass spectrometry) are incapable of

to: G. N. Merrill, One UTSA Circle, Department of
ersity of Texas at San Antonio, San Antonio, TX


.
rrill@utsa.edu
s: Department of Chemistry and Biochemistry,
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conclusively determining the specific sites of nucleophilic
attack.


In the gas phase, attack at the C1 atom was found to be
about three times more favorable than that at the C3 atom
for epibromohydrin. Attack at the C3 atom was, however,
determined to be nearly 15 times more likely for
epichlorohydrin. In both cases, nucleophilic attack at
the C2 position was found to be inconsequential,
occurring in less than one percent of the reactions in
the gas phase. These results clearly demonstrate that
improving the quality of the leaving group (from Cl�


to Br�) increases the likelihood of attack at the halo-
carbon atom.


In the polar, aprotic solvent acetone, attack at the C1
position was effectively shutdown for both epihalohy-
drins; C3 attack was approximately 200 times more
favorable. Nucleophilic attack at the C2 position was,
once again, found not to occur to any great extent. These
results were explained by the preferential stabilization of
the C3 transition state by the solvent.


These computational results are in good agreement
with those obtained experimentally.2–7 More importantly,
the computational work provided detailed mechanisms
for the intrinsic (i.e., gas phase) reactivity of these
industrially important systems and offered insights into
the rational selection of solvent system to control
reactivity.


In this final paper, we report the results of our
computational study into the reactivity of epichlorohydrin
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and epibromohydrin under acidic conditions both in the
gas phase and aqueous solution. Here, water (H2O) served
as the nucleophile and the protonated epihalohydrins
were the substrates. It will be shown that the reactivities
of epihalohydrins are very pH-dependent. This work also
serves to fill a gap in the experimental literature regarding
these chemically interesting systems.

COMPUTATIONAL METHODS


The following computational procedure was employed in
carrying out the current calculations.

1. S

Co

tructures were fully optimized at the restricted Har-
tree–Fock (RHF)8 level of theory with the double
split-valence 6-31G basis set9 to which sets of
d-polarization10 and sp-diffuse11 functions were added
to all atoms save hydrogen; that is, the 6-31þG(d)
basis set. Structural convergence was achieved when
the maximum and root-mean-square of the gradients
fell below 0.012 and 0.004 kcal mol�1 Å�1, respect-
ively (1 kcal¼ 4.184 kJ and 1 Å¼ 10�10 m). All
relevant stationary points were located and fully
characterized.

2. H

essian matrices were computed for all stationary
points (minima and transition states) at the HF/
6-31þG(d) level. The absence of negative eigen-
values confirmed a stationary point as a minimum,
while the presence of a single negative eigenvalue
established the stationary point as a transition state.

3. E

nthalpic and entropic corrections were calculated for
all stationary points using standard statistical mech-
anical formulae.12 All vibrational frequencies, derived
from the HF/6-31þG(d) Hessian matrices, were
scaled by an empirical factor of 0.8953 to compensate
for the known overestimation of these values by the
harmonic approximation at the RHF level with dou-
ble-zeta quality bases.13 Thermodynamic corrections
were made to 1 atm and 298 K.

4. T

o verify that all transition states corresponded to the
appropriate minima, intrinsic reaction coordinate
(IRC)14 calculations were performed. These calcu-
lations established the minimum energy path between
all reactants and products.

5. A

s many of the transition states involved bond for-
mation and breaking, electron correlation effects
were predicted to be important. Single-point energy
calculations were, therefore, carried out on the RHF-
optimized structures. These calculations were per-
formed with second-order Møller–Plesset (MP2)15


perturbation theory using the 6-31þG(d) and
aug-cc-pVDZ16 bases. Only valence electrons were
correlated in these calculations; that is, the frozen-core
(fc) approximation was employed.

6. S

olvation effects were calculated with the integral
equation formalism of the polarizable continuum

pyright # 2007 John Wiley & Sons, Ltd.

model (IEF-PCM)17 by computing RHF single-point
energies with the 6-31þG(d) basis. Cavitation ener-
gies were computed via the method of Pierotti and
Claverie,18 while repulsion and dispersion energies
were determined by the procedure of Amovilli and
Mennucci.19 Solute electron charge density that
escaped from the solvent cavity was explicitly treated
by the method of Mennucci and Tomasi.20 H2O was
used as the solvent.


All calculations were performed with the GAMESS
program21 on a small Beowulf cluster of personal
computers.

RESULTS AND DISCUSSION


Gas phase


The protonation of epihalohydrins can occur in principle
at two sites: the oxygen (O) or the halogen (X¼Cl, Br)
atoms. Theoretical proton affinities (PA) and gas-phase
basicities (GB) for protonation at these two sites have
been computed and they are reported in Table 1. The PA
and GB correspond to the change in the respective
enthalpies (DH) and Gibbs free energies (DG) for the
reactions given in Eqns 1 and 2.


It is clear that protonation of the O atom is substantially
preferred in both epihalohydrins: the greater the PA or
GB, the more basic the site. Based upon these results, it is
safe to assume that the epihalohydrins are protonated at
the O atom of the epoxide ring under strongly acidic
conditions.


Six possible conformers can result upon protonation of
epihalohydrins at the O atom (II–VII). The lowest energy
conformer (II) has the proton cis the halomethylene group
(CH2X) and the halogen atom in a gauche (�) orientation
(EXHR). (All referenced structures are illustrated in
Fig. 1). At 298 K and 1 atm, this low energy conformer
accounts for 99.5% of the Boltzmann distribution of
protonated epichlorohydrins and 99.4% of the epibro-
mohydrins.


The stability of II results primarily from electrostatic
and polarization interactions between the proton on the
O atom and the halogen atom, which is only possible
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Table 1. Proton affinities (PA) and gas-phase basicities (GB) for epihalohydrins, 2,3-dihydroxy-1-halopropanes,
2,3-epoxy-1-hydroxypropane, 2-hydroxyoxetane, glycerol, and water in kcalmol�1. Level of theory: MP2/aug-cc-pVDZ//HF/
6-31þG(d)


Compound Site of protonation PA GB


Epichlorohydrin O 186.0 178.2
Cl 159.3 152.5


Epibromohydrin O 186.9 179.2
Br 162.6 155.7


2,3-Dihydroxy-1-chloro-propane Cl 170.4 162.7
2-OH 189.0 180.7
3-OH 185.7 177.6


2,3-Dihydroxy-1-bromo-propane Br 168.3 161.4
2-OH 188.4 180.8
3-OH 190.2 182.3


2,3-Epoxy-1-hydroxypropane Epoxy O 193.1 185.6
OH 184.8 177.2


2-Hydroxyoxetane Oxetane O 192.7 186.5
OH 177.2 169.9


Glycerol 1-OH 207.7 (209.1)a 199.4 (196.0)a


2-OH 204.3 (209.1)a 196.3 (196.0)a


Water 162.6 (165.0)a 155.2 (157.7)a


a Experimental values: Hunter EP, Lias SG. J. Phys. Chem. Ref. Data 1998; 27: 413–656.
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for the cis structures and is greatest for the gauche (�)
orientation.


In the current study, H2O served as the archetypal
hard nucleophile. The driving energy for the reaction
between H2O and the protonated epihalohydrins is the
formation of an ion-molecule (IM) complex. The struc-
ture results from the formation of a hydrogen bond
between the O atom of the H2O molecule and the
proton on the epoxy O atom of the epihalohydrin (IM1a).
The formation of the complex is both exothermic
and exergonic (see Table S1 in the Supplementary
Information), with similar complexation energies for
the two-protonated epihalohydrins (DH: Cl¼�20.7 vs.
Br¼�19.7 kcal mol�1; DG: Cl¼�12.4 vs. Br¼
�11.4 kcal mol�1).


Nucleophilic attack can occur in principle at three sites
in the protonated epihalohydrins: the C1 methylene, C2
methine, or C3 methylene positions. No transition state
was found for the direct displacement of X� by H2O in the
gas phase (Eqn 3).


This is not too surprising as separated dicationic
and anionic products would be formed in the absence of

Copyright # 2007 John Wiley & Sons, Ltd.

a mitigating polar solvent. This problem of charge
separation can be overcome if the proton on the epoxy O
atom is transferred to the halide-leaving group during the
attack by H2O at the C1 position (Eqn 4).


Just such a transition state was located for epi-
chlorohydrin (TS1a). The enthalpy and free energy
of activation for this C1 pathway were endother-
mic (DHz ¼ 13.7 kcal mol�1) and endergonic (DGz ¼
21.2 kcal mol�1), respectively. These values are consist-
ent with the lower PA and GB values for the chloro
position of epichlorohydrin (Table 1). The imaginary
frequency associated with this structure was found to be
only 73 cm�1, indicating a rather loose (i.e., entropically
less demanding) transition state. An analogous transition
state was found for epibromohydrin, where the enthalpy
and free energy of activation were also positive:
DHz ¼ 23.4 and DGz ¼ 29.9 kcal mol�1. Once again, a
small imaginary frequency of 127 cm�1 was found for
this transition state. It may be concluded, therefore, that
the attack by H2O at the C1 position of epihalohydrins is
unlikely in the gas phase, even with the accompanying
loss of HX instead of X�. If such an attack were possible,
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proton transfer from the hydroxy group to the epoxy O
atom is predicted to be barrierless (Eqn 5); that is,
the transition state (TS1b) is an energy maximum
along the HF reaction coordinate, but it is not when
it is corrected for electron correlation at the MP2 level.

Figure 1. Illustrations of minimum-energy and transition-state s
white¼hydrogen; red¼oxygen; and yellow¼ chlorine or brom
compounds, brackets


Copyright # 2007 John Wiley & Sons, Ltd.

The result of said proton transfers are IM complexes
with enthalpies and free energies lower than those of the
separated starting materials. These complexes should
largely dissociate in the gas phase to yield protonated
2,3-epoxy-1-hydroxypropane (P1) and the respective
hydrohalogenic acid, HX. The complete C1 mechanism is
presented in Scheme 1, and the associated free energy
reaction coordinate is given in Fig. 2.

tructures discussed in the text. Atom colors: blue¼ carbon;
ine. Bond distances in Å: chloro compounds, bold; bromo
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A transition state (TS2a) was found for attack by H2O at
the C2 position (Eqn 6). Both the chloro and bromo
transition states possess enthalpies that are negative (Table
S2) with respect to the separated reactants: DHCl¼�4.4

Copyright # 2007 John Wiley & Sons, Ltd.

and DHBr¼�3.8 kcal mol�1. The similarity of these
transition states is reflected in their respective imaginary
frequencies along the reaction coordinates: nCl¼ 246
and nBr¼ 247 cm�1. The free energies for these two
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transition state are, however, higher in energy than
the separated reactants: DGCl¼ 3.7 and DGBr¼
4.4 kcal mol�1. Nucleophilic attack results in the opening
of the epoxide ring to form an intermediate, 2,3-

Copyright # 2007 John Wiley & Sons, Ltd.

dihydroxy-1-halopropane (INT2a), which is protonated
at the C2 hydroxy group. The formation of this protonat-
ed intermediate is highly exothermic (DHCl¼�28.1 and
DHBr¼�26.6 kcal mol�1) and exergonic (DGCl¼
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�17.5 and DGBr¼�16.2 kcal mol�1). Nucleophilic attack
by H2O at the C2 position is, therefore, predicted to be
possible in the gas phase.


Transition states for attack by H2O at the C3 position
(TS3a) were also located (Eqn 7 and Table S3). Like the
transition states for nucleophilic attack at the C2 positions,
those for attack at the C3 positions are also exothermic
(DHCl¼�6.7 and DHBr¼�6.2 kcal mol�1) and slightly
endergonic (DGCl¼ 2.2 and DGBr¼ 2.8 kcal mol�1). Once
again, the similarity of the transition states can be seen in
the similar imaginary frequencies along the reaction
coordinate: nCl¼ 300 and nBr¼ 302 cm�1. The result of
attack by H2O at the C3 position is the formation of another
intermediate, 2,3-dihydroxy- 1-halopropane (INT2b), this
time protonated at the C3 hydroxy group. This
ring-opening step is also exothermic (DHCl¼�24.8
and DHBr¼�28.4 kcal mol�1) and exergonic
(DGCl¼�14.4 and DGBr¼�17.7 kcal mol�1), and it is,
therefore, predicted to be viable in the gas phase.


Interconversion between the two intermediates INT2a
and INT2b (Eqn 8) is accomplished via intramolecular
proton transfer (TS2b).


For both the chloro and bromo systems, the enthalpies
and free energies for the transition states are lower in
energy than the separated reactants: DHCl¼�27.7 versus
DHBr¼�28.1 kcal mol�1; DGCl¼�16.5 versus
DGBr¼�16.7 kcal mol�1. For the chloro compounds,
the intermediate protonated at the C2 hydroxy group
is lower in enthalpy (DDH¼�3.3 kcal mol�1) and
free energy (DDG¼�3.1 kcal mol�1) than its C3
counterpart. The situation is reversed for the bromo
compounds, where the intermediate protonated at
the C3 hydroxy group possesses a lower enthalpy
(DDH¼�1.8 kcal mol�1) and free energy (DDG¼
�1.5 kcal mol�1). These thermodynamic differences are
reflected in the imaginary frequencies along the reaction
coordinate: nCl¼ 1340 and nBr¼ 1274 cm�1. It should be
noted that correcting the transition state (TS2b) for
electron correlation at the MP2 level does not yield an
energy maximum along the reaction coordinate. This
mirrors the earlier result for TS1b, and it foreshadows
those for TS2c.

Copyright # 2007 John Wiley & Sons, Ltd.

Loss of X� from the protonated intermediates can in
principle be affected via ring closure; that is, via an
intramolecular SN2-type reaction. As was seen for the C1
mechanism, problems associated with the separation of
charge in the products must be overcome. In the case of
the intermediate protonated at the C2 hydroxy group
(INT2a), ring closure with the loss of HX would result in
the formation of an oxetane (Eqn 9). Attempts to locate a
concerted transition state for this process proved
unsuccessful. Instead, a transition state for the transfer
of a proton from the hydroxy group to the halogen (TS2c)
was found. While the barriers to proton transfer were
lower in enthalpy and free energy than the separated
reactants (DH: Cl¼�11.3 and Br¼�11.5 kcal mol�1;
DG: Cl¼�0.5 and Br¼�0.6 kcal mol�1), the resulting
2,3-dihydroxy-1-halopropanes protonated at the halogen
(INT2c) were calculated to have free energies greater
than the separated reactants (DG: Cl¼ 0.4 and
Br¼ 3.2 kcal mol�1); the enthalpies were, however, still
predicted to be less than the separated reactants (DH:
Cl¼�9.5 and Br¼�6.5 kcal mol�1). It is worth noting
that the specific halogen had little impact on the
respective imaginary frequencies along the reaction
coordinates (nCl¼ 814 vs. nBr¼ 860 cm�1).


Regardless of the energetics for the proton transfer
step, the transition state for the ring closure to form the
oxetane with the loss of HX (TS2d) are endothermic (DH:
Cl¼ 9.8 and Br¼ 11.1 kcal mol�1) and endergonic (DG:
Cl¼ 18.7 and Br¼ 19.6 kcal mol�1). Such a mechanism
is, therefore, highly unlikely in the gas phase, even
though the formation of the resulting IM complex
(protonated hydroxyoxetaneþ hydrohalogenic acid) is
energetically favorable. Finally, the chloro mechanism
for the formation of the oxetane is exothermic and
exergonic, but it is not for the bromo pathway. The
complete C2 mechanism is given in Scheme 2, and the
corresponding free energy reaction coordinate is illus-
trated in Fig. 3.


It is also possible to reform an epoxide with the loss
of HX from the intermediate protonated at the C3
hydroxy group (Eqn 10). Unlike the above pathway for
the formation of an oxetane, a transition state for the
simultaneous formation of the epoxide with the loss
of HX was located (TS3b). This transition state was
found to be endothermic (DH: Cl¼ 6.7 and Br¼
8.8 kcal mol�1) and endergonic (DG: Cl¼ 16.0 and
Br¼ 18.0 kcal mol�1) with roughly comparable imagin-
ary frequencies (nCl¼ 243 vs. nBr¼ 274 cm�1). The
formation of the IM complexes was found to be
exothermic; the formation of the chloro complex was
also determined to be exergonic, but the bromo complex
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Figure 2. Free energy reaction coordinate for nucleophilic
attack by water on protonated epichlorohydrin (black) and
epibromohydrin (red) at the C1 position in kcalmol�1. Par-
enthetical values: vibrational frequencies in cm�1


Figure 4. Free energy reaction coordinate for nucleophilic
attack by water on protonated epichlorohydrin (black) and
epibromohydrin (red) at the C3 position in kcalmol�1. Par-
enthetical values: vibrational frequencies in cm�1
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was once again found to be endergonic.


The overall mechanism for the reformation of an
epoxide was found to be energetically favorable for the
chloro compound but slightly less so for the bromo
species. Intramolecular ring-closure is, nevertheless,
predicted to be unlikely in the gas phase. The complete
C3 pathway is provided in Scheme 3, and the associated
free energy reaction coordinate can be found in Fig. 4.


Upon formation of protonated 2,3-epoxy-1-hydro-
xypropane (P1) or 2-hydroxyoxetane (P2), both ring
structures are subject to further nucleophilic attack

Figure 3. Free energy reaction coordinate for nucleophilic
attack by water on protonated epichlorohydrin (black) and
epibromohydrin (red) at the C2 position in kcalmol�1. Par-
enthetical values: vibrational frequencies in cm�1


Copyright # 2007 John Wiley & Sons, Ltd.

by H2O (Eqns 11 and 12) leading to protonated glycerols.


These two pathways are outlined in Schemes 4 and 5,
respectively. The driving force behind these two
mechanisms is, once again, the formation of IM
complexes between H2O and the epoxide (IM4a) or
oxetane (IM5a), both of which are exothermic and
exergonic in nature.


Two transition states for attack by H2O on the epoxide
were located, one for the C2 position (TS4a) and the other
for the C3 position (TS4b). Both transition states are
exothermic, with attack at the C3 position being favored
(DH: TS4a¼�2.1 vs. TS4b¼�4.4 kcal mol�1; see
Table S4 in the Supplementary Information). The
transition state corresponding to attack at the C2 position
is somewhat less demanding entropically as revealed by
the imaginary frequencies along the reaction coordinates
(nTS4a¼ 183 vs. nTS4b¼ 295 cm�1). While both transition
states are marginally endergonic, the one for attack at the
C3 position is again slightly favored (DG: TS4a¼ 5.9 vs.
TS4b¼ 4.5 kcal mol�1).


Nucleophilic attack at either site results in the
formation of protonated glycerols; in the case of attack
at the C2 position, a glycerol protonated at the C2
hydroxy group is formed, while a protonated glycerol at
the C1 hydroxy group is formed in the attack at the C3
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Scheme 4.
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position. Both products are lower in energy than the
separated reactants, and the product of C3 attack is
slightly more stable than that resulting from C2 attack.
This fact is also reflected in the computed PA and GB for

Figure 5. Free energy reaction coordinate for nucleophilic
attack by water on protonated 2,3-epoxy-1-hydroxypropane
in kcalmol�1. Parenthetical values: vibrational frequencies
in cm�1


Copyright # 2007 John Wiley & Sons, Ltd.

glycerol (Table 1). The two protonated glycerols are
readily interconverted via a transition state involving
proton transfer (TS4c), the enthalpy and free energy of
which are lower than those for the separated reactants
(DH¼�27.4 and DG¼�15.9 kcal mol�1).


A complete reaction coordinate for Scheme 4 is given
in Fig. 5. It is possible to conclude from this reaction
coordinate that, if 2,3-epoxy-1-hydroxypropane were to
be formed in the gas phase, it would quickly undergo a
ring opening via nucleophilic attack by H2O at either the
C2 or C3 positions to form the more stable protonated
glycerol (P4).


Nucleophilic attack by H2O on the oxetane can also
occur, in this case at the C2 (or equivalent C4) position.
This mechanism is outlined in Scheme 5. The transition
state for this attack (TS5a) is also enthalpically favored
(DH¼�2.2 kcal mol�1), but it is unfavorable in terms
its free energy (DG¼ 7.9 kcal mol�1). This transition
state is also slightly more demanding entropically (n¼
355 i cm�1). Nucleophilic attack at the C2 position
leads to the formation of the less stable protonated
glycerol (INT4a). This species can, once again, be readily
interconverted to the more stable protonated glycerol (P4)
via proton transfer between the C1 and C2 hydroxy
groups. The complete reaction coordinate for this
mechanism is given in Fig. 6 (see also Table S5 in the
Supplementary Information). It may again be concluded
that if the hydroxyoxetane were to form in the gas phase,
it would undergo rapid ring opening via nucleophilic
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Scheme 5.


Figure 6. Free energy reaction coordinate for nucleophilic
attack by water on protonated 2-hydroxyoxetane in
kcalmol�1. Parenthetical values: vibrational frequencies
in cm�1
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attack by H2O to form the most stable protonated
glycerol.


The global minima resulting from attack by H2O on the
protonated epihalohydrins are protonated 2,3-dihydroxy-
1-halopropanes, with the chloro compound protonated at
the C2 hydroxy group (INT2a) and the bromo species
protonated at the C3 hydroxyl group (INT2b). Both
intermediates may be subject to further attack by H2O to
displace the halide and form a protonated glycerol. Once

Copyright # 2007 John Wiley & Sons, Ltd.

again, direct displacement of the halide is energetically
unfavorable in the gas phase as it leads to a large
separation of charge. This problem is partially overcome
by transferring a proton from the protonated hydroxy
group to the halogen (TS6a). This step is endother-
mic (DH¼ 6.1 kcal mol�1) and endergonic (DG¼
12.9 kcal mol�1) with respect to the separated reactants
(H2O and INT2a) for the chloro species (Table S6).
The resulting IM complex (IM6b) is higher in energy
still. Actual displacement of HCl by H2O occurs
via an SN2-type transition state (TS6b), which is even
more energetically unfavorable (DH¼ 23.9 and DG¼
31.1 kcal mol�1). The formation of the products (P4
and HCl) is, however, appreciably exothermic (DH¼
�20.0 kcal mol�1) and exergonic (DG¼�19.1 kcal mol�1)
(Scheme 6).


A comparable pathway for the INT2b bromo
compound was not found, but one for the INT2a
intermediate was located. This pathway is remarkably
similar to that for the chloro compound: the rate-
determining transition state (TS6b) is very energetically
unfavorable in the gas phase (DH¼ 27.8 and DG¼
35.0 kcal mol�1), while the overall reaction is both
exothermic and exergonic (DH¼�15.9 and DG¼
�15.1 kcal mol�1).


From these reaction coordinates, it is clear that
formation of (protonated) glycerol in the gas phase from
reaction of H2O with epihalohydrins is not likely, the
predicted products should simply be 2,3-dihydroxy-
1-halopropanes, even though the overall reaction (Eqn 13)
is calculated to be highly exothermic (DH: Cl¼�48.1
and Br¼�44.2 kcal mol�1) and exergonic (DG:
Cl¼�36.6 and Br¼�32.3 kcal mol�1).


Aqueous solution


The impact of aqueous solvation upon the gas-phase
reaction coordinates was assessed through an additional
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series of calculations at the Hartree–Fock (HF) level of
theory with the polarizable continuum model (PCM).
Specifically, HF-PCM/6-31þG(d) single-point energy
calculations were carried out on all stationary points.
From these calculations, the free energies of hydration
were determined. These free energies of hydration are the
sum of a number of individual energy contributions: the
change in internal energy upon reorganization of the
electronic wavefunction in going from the gas phase to
solution (DE); electrostatic interactions (ES); cavitation
(CAV); dispersion (DIS); and repulsion (REP). (These
individual values and their sums may be found in Table S7
in the Supplementary Information.) The free energies
in H2O were obtained by adding the hydration free
energies to those determined in the gas phase, and these
hydration free energies are given in Table 2.


With the exceptions of HCl and HBr, hydration is a
stabilizing influence on all the species examined. While
both the ES and DIS energy contributions are stabilizing,
with ES interactions about five times larger than DIS
interactions. The other energy contributions (DE, CAV,
and REP) are all destabilizing. It is worth noting that the
magnitudes of these contributions are remarkably similar
over all compounds; for example, the REP values all
average between three and four kilocalories per mole.
They are also largely mitigated by the stabilizing DIS
contribution. The differences between the gas-phase and

Copyright # 2007 John Wiley & Sons, Ltd.

aqueous reaction coordinates can, therefore, be explained
to a first approximation by electrostatic effects. This is not
too surprising given that most of the species are charged
or possess large dipole moments.


For attack by H2O at the C1 position of the epihalohydrins,
the free energies for the rate-determining step (TS1a) have
substantially increased over those for the gas phase. (DDG:
Cl¼ 14.7 and Br¼ 12.9 kcal mol�1). In a similar fashion, the
overall reaction has become more endergonic (DDG:
Cl¼ 8.5 and Br¼ 6.1 kcal mol�1). Both of these changes
may be attributed to greater stabilization of the reactants than
the rate-determining transition states and products. It may,
therefore, be concluded that aqueous solvation should retard
the C1 mechanism.


Similar results were obtained for the pathway asso-
ciated with attack by H2O on the C2 position of the
epihalohydrins. Here, the barriers (TS2a) have increased
by comparable amounts to that seen for the C1 pathway
(DDG: Cl¼ 13.2 and Br¼ 12.7 kcal mol�1). The barriers
to proton transfer between the hydroxy groups (TS2b) are
still found to be exergonic, while those for proton transfer
to the halogen (TS2c) are now endergonic. The free
energies associated with the intramolecular SN2 step to
form an oxetane with the loss of HX (TS2d) have also
increased markedly (DDG: Cl¼ 12.7 and
Br¼ 12.2 kcal mol�1), and the overall reactions have
become marginally more endergonic. Aqueous solvation
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Table 2. Aqueous free energies (~Gaq) associated with Schemes 1–6 in kcalmol�1. See text for computational details


Scheme 1


Halogen H2OþEXHR IM1a TS1a IM1b TS1b IM1c P1þHX


Cl 0.0 4.0 35.9 13.8 13.7 13.6 7.7
Br 0.0 1.5 42.8 16.9 15.0 16.8 9.1


Scheme 2


Halogen H2OþEXHR IM1a TS2a INT2a TS2b INT2b


Cl 0.0 4.0 16.9 S10.1 S10.6 S11.7
Br 0.0 1.5 17.1 S10.6 S11.4 S11.1


Scheme 2


Halogen TS2c INT2c TS2d IM2a P2þHX


Cl 10.2 11.0 31.4 7.3 3.2
Br 9.5 12.9 31.8 11.4 4.6


Scheme 3


Halogen H2OþEXHR IM1a TS3a INT2b TS3b IM1c P1þHX


Cl 0.0 4.0 12.1 S11.7 26.2 13.6 7.7
Br 0.0 1.5 12.5 S11.1 27.3 16.8 9.1


Scheme 4


H2OþP1 IM4a TS4a INT4a TS4b TS4c P4


0.0 S5.1 16.0 S25.7 13.4 S10.2 S28.0


Scheme 5


H2OþP2 IM5a TS5a INT4a


0.0 1.3 21.3 S25.7


Scheme 6


Halogen H2Oþ INT2a IM6a TS6a IM6b TS6b IM6c P4þHX


Cl 0.0 1.3 28.2 29.9 44.5 12.1 S10.2
Br 0.0 2.4 28.8 31.3 49.4 15.7 S6.8
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has, therefore, rendered attack by H2O at the C2 position
of the epihalohydrins less likely and oxetane formation
improbable.


For attack by H2O at the C3 positions of the
epihalohydrins, the reactants have once again been
preferentially stabilized, albeit to a lesser degree. The
free energies for the rate-determining transition states
(TS3a) have only increased by 9.9 and 9.7 kcal mol�1 for
the chloro and bromo pathways, respectively, in going
from the gas phase to aqueous solution. The transition
states for the reformation of the epoxides with the loss of
HX (TS3b) have also increased by similar amounts
(DDG: Cl¼ 10.2 and Br¼ 9.3 kcal mol�1). As was seen

Copyright # 2007 John Wiley & Sons, Ltd.

for both the C1 and C2 pathways, the overall reaction has
become more endergonic.


The impact of hydration upon ring opening of the
reformed epoxide (P1) and newly formed oxetane (P2)
were also investigated. For attack by H2O on the epoxide,
hydration has served merely to make the process less
likely at both the C2 and C3 positions (DDG: TS4a¼ 10.1
and TS4b¼ 8.9 kcal mol�1), with attack at the C3
position still favored, now by 2.6 kcal mol�1. Proton
transfer between the hydroxy groups of the nascent
protonated glycerol is still exergonic, as is the overall
reaction. The barrier to H2O attack on the oxetane ring
(TS5a) has increased even more in going from the gas
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Table 3. Gas phase (bold) and aqueous (italics) free energies of activations (~Gz) and reaction (~rG) for the proposed
mechanisms (Schemes 1–6) in kcalmol�1. See text for computational details


Scheme X Reaction ~Gz ~rG Reaction ~Gz ~rG


1 Cl 21.2 S0.8
35.9 7.7


Br 29.9 3.0
42.8 9.1


2 Cl 3.7 S17.5 18.7 �0.9
16.9 �10.1 31.4 3.2


Br 4.4 S16.2 19.6 2.9
17.1 S10.6 3.8 4.6


3 Cl 2.2 S14.4 16.0 S0.8
12.1 �11.7 26.2 7.7


Br 2.8 S17.7 18.0 3.0
12.5 �11.1 27.3 9.1


4
5.9 S35.8
16.0 �28.0


5 7.9 S32.7
21.3 �25.7


6 Cl 31.1 S19.1
44.5 �10.2


Br 35.0 S15.1
49.4 �6.8
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phase to aqueous solution (DDG¼ 13.4 kcal mol�1),
although the reaction is still quite exergonic.


Finally, the impact of hydration upon the attack
by H2O on the 2,3-dihydroxy-1-halopropanes was
explored. Once again, these pathways have become more
unfavorable kinetically, where the rate-determining
transition states (TS6b) have increased considerably
(DDG: Cl¼ 13.4 and Br¼ 14.4 kcal mol�1), as have the

Copyright # 2007 John Wiley & Sons, Ltd.

transition states (TS6a) leading to the precursor
intermediate (IM6b).


CONCLUSIONS


A number of conclusions can be readily drawn regarding
the reactivity of epihalohydrins under acidic conditions in
the gas phase and aqueous solution. Both the gas phase
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and aqueous solution results are succinctly summarized
in Table 3, where free energies of activation for the
rate-determining steps (DGz) and reaction (DrG) are given
for the proposed mechanisms.


Gas phase

1. A

Co

ttack by H2O at the C1 position of epihalohydrins is
very unlikely, even with proton transfer from the
oxygen atom of the epoxide ring to the halogen.

2. A

ttack by H2O at the C2 and C3 positions is quite
possible. Ring opening from the C3 position is, moreover,
kinetically favored over that at the C2 position. The result
of attack by H2O at the epoxide ring is the formation of
(protonated) 2,3-dihydroxy-1-halopropane intermediates.

3. I

ntramolecular SN2 reactions to form a new epoxide or
oxetane with concurrent loss of the appropriate hydro-
halogenic acid is unlikely given the size of the barriers
for these processes.

4. I

f said epoxide or oxetane were to form, they would be
subject to ready nucleophilic attack on the rings
by H2O to form (protonated) glycerols.

5. T

he global minima of the potential energy surfaces are
2,3-dihydroxy-1-halopropanes, which are kinetically
stable with respect to subsequent attack by H2O to
form (protonated) glycerols.

Aqueous solution

1. W

ith the exceptions of two products (HCl and HBr),
hydration stabilizes all of the stationary points on the
gas-phase potential energy surfaces. This is accom-
plished primarily through electrostatic interactions
between the dipolar solvent (H2O) and the charged
or dipolar species.

2. T

he reactants are preferentially solvated over the other
species along the reaction coordinates. This has the
effect of increasing the relative free energies of the
minima and transition states.

3. T

he qualitative conclusions drawn from the gas-phase
mechanisms are simply reinforced by aqueous solvation
under acidic conditions; that is, attack by H2O on the
epihalohydrins is most likely at the C3 position fol-
lowed by that at the C2 position, and it is unlikely at the
C1 position; attack at the C3 and C2 positions should
lead to 2,3-dihydroxy-1-halopropanes.


These results are in stark contrast to the reactivity of
epihalohydrins under basic conditions. In a basic
environment, nucleophilic attack at the C1 position is
the preferred pathway in the gas phase for epibromohy-
drin, and it is competitive in polar solvents. This is
because issues of charge separation do not arise for the
direct displacement of the halides by hydroxide. Even

pyright # 2007 John Wiley & Sons, Ltd.

nucleophilic attack at the C2 position is more favorable to
that at the C1 position in acidic media. It is also important
to note that the gas phase and aqueous transformation
under acidic conditions are predicted to be slower than
those under basic conditions. This may be attributed to the
aforementioned issues involving charge separation and
the fact that H2O is a weaker nucleophile than hydroxide.

SUPPLEMENTARY INFORMATION


Complete gas-phase reaction enthalpies and free energies
for the proposed mechanisms can be found in Tables
S1–S6. Decomposition of the PCM free energies of
hydration is given in Table S7. Cartesian coordinates are
available upon request from the authors.
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-methyl- and nitro-substituted arylhydrazones 2–6 formed by
-dione and the respective aryldiazonium salts have been synthesized


and studied by X-ray crystal structure analysis, with added quantum chemical calculations. The optimized molecular
geometries based on DFT calculations, enabling determination of relevant rotational barriers, and the calculated bond
and ring critical points, using the method of ‘atoms in molecules’, were found to correspond with the experimental
data, involving specific molecular conformations and hydrogen-bonded ring structure dependent on the ortho-
substitution, thus making possible reliable structural prediction of this compound class. Copyright # 2007 John Wiley
& Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


Coupling of a 1,3-dicarbonyl compound with an aromatic
diazonium salt to yield an arylhydrazone is a synthetic
process commonly known as the Japp–Klingemann
reaction.1 Using this method has given rise to a variety
of arylhydrazones that derive from different arylamines
and 1,3-dicarbonyl compounds,1–3 being described as
effective complexants for transition metal ions,3–6 or
antineoplastic components.7 All of them show a
characteristic intramolecular hydrogen bridge linking
one of the carbonyl groups to the NH-moiety of the
hydrazone unit. This has recently been corroborated by
X-ray crystal studies.3,8 It has also been observed that in
hydrazones of this type based on an unsymmetrically
substituted 1,3-dione, the six-membered H-bonded ring
will always be generated at the steric most favorable side
of the molecule.9 Moreover, as shown from the crystal
structures,3,8 the carbonyl groups are in a conformational
anti position. On the other hand, tautomerism, which is a
typical feature of 1,3-dicarbonyl compounds,10 has not
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yet been proved to exist in respective arylhydrazones,
although implying a promising target for the design of
functional materials attributed to smart hydrogen bond-
ing11 or photo-triggered structural switching.12


Substitution in the ortho positions of the aryl ring
relative to the hydrazone function of 1 might be another
parameter of influence to control structural properties of
this compound class. Thus the series of arylhydrazones
2–6 (Scheme 1) featuring dimensionally similar but
electronically different methyl and nitro groups in a
systematic pattern of substitution have been synthesized
and structurally studied, including DFT calculations of
the geometric facts.

RESULTS AND DISCUSSION


Synthesis


The hydrazones 1–6 (Scheme 1) were synthesized via
Japp–Klingemann reaction1 between the respective
aromatic diazonium salts and pentane-2,4-dione in a
methanolic solution containing sodium acetate.3 The
diazonium salts were obtained by usual diazotation of the
corresponding aniline.13
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X-ray structural study


Relating to the problem, crystal structures of six
3-(arylhydrazono)pentane-2,4-diones containing ortho-
substituents of different electronic nature have been
studied. They involve the unsubstituted parent compound
1, its 2-methyl and 2,6-dimethyl-substituted analogs 2
and 3, the 2-nitro and 2,6-dinitro derivatives 4 and 5 as
well as the 2-nitro-6-methylarylhydrazone 6. Relevant
crystallographic data are summarized in Table 1. A
selection of bond distances and angles including
hydrogen bond parameters is given in Tables 2 and 3,
respectively. ORTEP plots of the molecules 1, 5, and 6 are
displayed in Fig. 1. The packing diagrams of compounds
1 and 6 are illustrated in Figs 2 and 3, respectively.
Packing diagrams of 2–5 are given in Figs SI–SIV,
respectively.


A common feature of the compounds is the presence of
an intramolecular six-membered p-conjugated hydro-
gen-bonded ring containing an extraordinary strong
N—H���O hydrogen bond with N���O bond distances
ranging over 2.542(3) and 2.597(2) Å. Investigations
based on the Resonance Assisted Hydrogen Bond
(RAHB) model, which were applied to related com-
pounds by Gilli et al.,14 suggests a synergistic mutual
reinforcement of intramolecular hydrogen bonding and
p-delocalization within structure elements like the
H—N—N——C—C——O system. This model, however,
is criticized recently.15 On the other hand, calculations
have shown that the p-electron delocalization in a related
system correlates well with parameters describing the
H-bond strength such as the electron density at the H���O
bond critical point.16 Characterization of the present
crystal structures therefore should be focused on how

Copyright # 2007 John Wiley & Sons, Ltd.

electronic properties of the aryl substituents influence
bonding parameters and thus p-electron delocalization
within the conjugated system and to what extent the
molecular conformation is affected by non-covalent
intermolecular interactions, hence supplying potential
reasoning for clearing up this point in dispute.


Molecular structures. All molecules adopt the EZE-
conformation which represents, in this order, the
alignment of the non-H-bridged O(2)——C(4), the hydro-
gen-bonded O(1)——C(2) fragment, and the aryl group
with respect to the C(3)——N(1) double bond.17 Previous
studies revealed that this conformation is also preferred in
the solid phase structures of other compounds of this
kind.8,2,18 The H-bridged hydrazone ring and the aromatic
ring in the compounds deviate more or less from
coplanarity. The dihedral angles between the
least-squares planes of these molecular units
(Scheme 2) range between 2.5(1) and 17.2(2)8, being
largest for the 2,6-dinitroarylhydrazone, 5 for reasons
which will be discussed below.


Table 2 reflects the general relationship between bond
lengths within the C(3)-N(1)-N(2)-C(6) sequence of the
compounds showing that a relative increase of the
N(1)—N(2) bond length corresponds with a decrease of
the respective N(2)—C(6) and N(1)—C(3) bond lengths.
Furthermore, the trend of the N(2)���O(1) distances
indicates that electron-donating ortho-substituents of
the aromatic ring tend to strengthen the intramolecular
hydrogen bond whereas it is weakened by electron-
withdrawing groups. Another interesting feature concerns
the bond angle at C(3) which includes a significant
decrease of the angle N(1)–C(3)–C(4) [112.2(3)–
114.0(1)8] accompanied by an increase of the angle
N(1)–C(3)–C(2) [122.5(2)–124.9(1)8]. It is evident from
Tables 2 and 3 that these variations depend on the
electronic character of the substituents and correlate with
hydrogen bond parameters.


Compound 1 (Fig. 1a) exhibits a nearly planar overall
conformation with bond distances and angles which are
similar to those found in other non-functionalized
b-diketoarylhydrazones.18 Surprisingly, introduction of
methyl groups in the ortho position of the aromatic ring,
as in 2 and 3, have only little influences on the molecular
conformation and bond parameters. Also, the presence of
the electron-withdrawing nitro group in 4 hardly affects
the distance N(2)���O(1), being very similar to that of 1,
although in 4 the hydrogen at N(2) is involved in a
bifurcated intramolecular hydrogen bond with the nitro
group [(N(2)���O(3), 2.617(7) Å], forcing the substituent
into coplanarity with the aromatic ring. Interestingly, in
the monosubstituted compounds 2 and 4 with potential
syn or anti position of the substituent (CH3, NO2) relative
to the nitrogen atom N(1), only the anti conformation is
shown. This is reasonable for compound 4 due to the nitro
group participating in a bifurcated hydrogen bond, unlike
the methyl substituent in compound 2 being unable in this
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Table 2. Selected conformational parameters of the compounds 1–6


Compound 1 2 3 4 5 6


Bond lengths (Å)
N(1)—N(2) 1.301(4) 1.297(1) 1.284(3) 1.314(1) 1.333(2) 1.312(3)
N(1)—C(3) 1.321(4) 1.321(1) 1.333(3) 1.314(1) 1.307(2) 1.317(4)
N(2)—C(6) 1.414(4) 1.411(1) 1.418(3) 1.397(1) 1.386(2) 1.389(3)
C(2)—C(3) 1.469(5) 1.470(1) 1.488(4) 1.484(1) 1.495(2) 1.478(4)
C(3)—C(4) 1.476(5) 1.473(1) 1.465(4) 1.487(1) 1.498(2) 1.485(4)
C(2)—O(1) 1.234(4) 1.230(1) 1.234(3) 1.229(1) 1.226(2) 1.226(4)
C(4)—O(2) 1.219(4) 1.207(1) 1.215(3) 1.211(1) 1.216(2) 1.212(4)


Bond angles (8)
C(3)—N(1)—N(2) 122.4(3) 121.31(9) 121.5(2) 121.52(6) 120.01(14) 120.1(2)
N(1)—N(2)—C(6) 119.4(3) 120.77(9) 124.7(2) 118.02(6) 118.82(13) 122.5(2)
N(1)—C(3)—C(2) 123.7(3) 123.41(10) 122.5(2) 124.21(7 124.86(14) 123.5(3)
N(1)—C(3)—C(4) 112.2(3) 112.92(9) 113.9(2) 112.30(7) 113.96(14) 113.9(3)
C(2)—C(3)—C(4) 124.1(3) 123.65(9) 123.6(2) 123.50(7) 121.16(14) 122.6(3)
C(3)—C(2)—O(1) 119.1(3) 119.80(10) 119.3(2) 118.91(7) 119.17(15) 119.7(3)
C(3)—C(4)—O(2) 121.2(3) 122.65(10) 121.7(3) 121.66(10) 119.68(15) 121.7(3)


Torsion angles (8)
O(1)–C(2)–C(3)–N(1) �5.5(5) �5.21(17) �0.9(4) 0.22(13) 14.1(3) �7.5(5)
C(2)–C(3)–N(1)–N(2) 3.6(5) 1.87(16) �0.1(4) �0.99(12) �6.0(3) 1.8(4)
C(3)–N(1)–N(2)–C(6) �178.8(3) �177.37(9) �179.7(2) 179.63(6) 177.30(15) �178.4(2)
C(2)–C(3)–C(4)–O(2) �9.5(5) �6.30(18) 1.8(5) 5.06(15) 26.6(3) �12.8(5)


Dihedral angle (8)
mpla(1)a���mpla(2)b 3.53(0.88) 5.1(0.27) 3.35(0.57) 2.47(0.10) 17.72(0.18) 7.13(0.18)
mpla(1)a���mpla(3)c — — — 3.02(0.14) 67.04(0.08) 74.42(0.19)
mpla(1)a���mpla(4)d — — — — 8.70(0.09) —


a The mpla(1) means the mean plane given by C(6)-C(7)-C(8)-C(9)-C(10)-C(11).
b mpla(2) means the mean plane given by the sequence H(2)-N(2)-N(1)-C(3)-C(2)-O(1).
c mpla(3) means the mean plane given by N(3)-O(3)-O(4) in 4, 5, 6.
d mpla(4) means the mean plane given by N(4)-O(5)-O(6) in 5.
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respect. Possibly, also a steric interference between the
ortho-substituent and the N(1) atom in the syn position is
a barrier to form this conformer. Additional indication to
this fact is that in compounds 3, 5, and 6 having an
ortho-disubstituted aromatic ring, substituent-induced
intramolecular strain causes a marked decrease of the
bond angle N(2)–C(6)–C(11) whereas the N(2)–C(6)–
C(7) angle is increased. This effect is most distinctive in
the dimethyl derivative 3, in which these angles are 113.3
and 124.48, respectively. In the 2,6-disubstituted com-
pounds 5 and 6, the nitro group at C(7) is inclined with
regard to the aromatic plane resulting in reduction of
intramolecular strain to give more regular bonding angles
at C(6).


In the crystal structure of 5 (Fig. 1b), the molecule
exhibits a highly bent geometry along the C5O2 fragment
which can be seen from enlarged torsion angles of the
atomic sequences N(1)-C(3)-C(2)-O(1) and C(2)-C(3)-
C(4)-O(2) being 14.1(3) and 26.6(3)8, respectively. The
H-bridged hydrazone ring, however, is less affected by
this distortion. The largest atomic distance from its mean
plane is found for atoms N(2) and C(3) being only 0.07(1)
and 0.06(1) Å apart. Similar to the monosubstituted
compound 4, one of the nitro groups in 5 is involved in an
intramolecular bifurcated hydrogen bond [(N(2)���O(1),
2.597(2) Å] and thus is nearly coplanar with the aromatic
ring [Q¼ 8.7(1)8], while the other nitro group, not being

Copyright # 2007 John Wiley & Sons, Ltd.

involved in hydrogen bonding, is rotated 67.0(1)8 out of
the aromatic plane.


Unlike 4 and 5, the nitro substituent of compound 6
(Fig. 1c) is arranged syn with respect to N(1) and
therefore excluded from intramolecular hydrogen bond
interaction. Hence 6 corresponds in the parameters of
hydrogen bonding with compound 3. Moreover, a distinct
twist [74.4(2)8] of the nitro group of 6 out of the aromatic
ring plane prevents from mutual interaction of the
aromatic and nitro p-electrons.


Packing structures. Due to the planar geometry, the
crystal structures of all studied compounds, excepting
compound 6, are characterized by a sheet-like alignment
of molecules of which Fig. 2 is illustrating a representa-
tive example. As the molecules lack strong outwardly H
donor sites, intermolecular cross-linking is restricted to
C—H���O contacts and p���p stacking interactions which,
however, give rise to specific types of supramolecular
pattern.


In the crystal structure of 1 (Fig. 2), the molecules are
linked together to double strands running along the crys-
tallographic b-axis. Both carbonyl oxygens are involved
in hydrogen bonding to the aromatic parts of neighboring
molecules [O(1)���H(11), 2.55 Å; O(2)���H(9), 2.63 Å].
Offset arene–arene p-contacts with a separation of 4.22 Å
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Table 3. Distances (Å) and angles (deg.) of hydrogen bond interactions of 1–6


Atoms involved


Symmetry


Distances Angle


D–H���A D���H D���A H���A D–H���A


(1)
N(2)–H(2)���O(1) x, y, z 0.91 2.580(4) 1.85 136.4
C(9)–H(9)���O(2) �1þ x, �1þ y, z 0.96 3.582(5) 2.63 171.5
C(11)–H(11)���O(1) �x, 1� y, �z 0.93 3.461(5) 2.55 167.3


(2)
N(2)–H(2)���O(1) x, y, z 0.94 2.562(1) 1.82 134.3
C(9)–H(9)���O(2) 1þ x, 1þ y, �1þ z 0.93 3.499(2) 2.58 168.1


(3)
N(2)–H(2)���O(1) x, y, z 0.86 2.538(9) 1.85 136.8
C(10)–H(10)���O(2) 0.5þ x, 0.5� y, �0.5þ z 0.93 3.384(5) 2.48 163.9


(4)
N(2)–H(2)���O(1) x, y, z 0.79 2.578(1) 2.02 127.6
N(2)–H(2)���O(3) x, y, z 0.79 2.617(1) 2.01 132.7
C(10)–H(10)���O(2) x, y, �1þ z 0.93 3.269(1) 2.64 125.3
C(8)–H(8)���O(3) x, �1þ y, z 0.93 3.344(1) 2.56 141.8


(5)
N(2)–H(2)���O(1) x, y, z 0.79 2.597(2) 2.01 130.9
N(2)–H(2)���O(5) x, y, z 0.79 2.605(2) 2.01 130.4
C(1)–H(1B)���O(2) x, 1� y, 0.5þ z 0.98 3.411(2) 2.57 143.2
C(1)–H(1A)���O(4) 1þ x, y, z 0.98 3.123(2) 2.64 139.3
C(5)–H(5A)���O(3) x, 1� y, �0.5þ z 0.98 3.578(2) 2.63 163.1
C(1)–H(1A)���O(6) 0.5þ x, 0.5� y, 0.5þ z 0.98 3.323(2) 2.53 138.2
C(5)–H(5C)���O(6) �0.5þ x, 0.5� y, �0.5þ z 0.98 3.423(2) 2.46 167.6


(6)
N(2)–H(2)���O(1) x, y, z 0.86 2.542(3) 1.86 135.3
C(1)–H(1A)���O(3) 0.5þ x, 0.5� y, 0.5þ z 0.96 3.442(5) 2.64 140.9
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(centroid-to-centroid) stabilize the crystal packing in
direction of the a-axis.


A similar layered arrangement of molecules is also
found in the crystal structures of the methyl derivatives 2
(Fig. SI) and 3 (Fig. SII). The presence of methyl groups,
however, restricts intermolecular hydrogen bonding to the
oxygen O(2) forming either linear (2) or zigzag (3)
C—H���O bonded single strands. In the structure of 2, the
aromatic rings and the H-bonded six-membered rings are
arranged in a stacking mode, which suggests attractive
forces between them. Obviously, non-aromatic molecular
entities featuring a conjugated p-electron system can

Figure 1. ORTEP plots of the molecular structures of compounds
50% probability level and the hydrogen bonds are shown as bro


Copyright # 2007 John Wiley & Sons, Ltd.

replace aromatic rings in this specific p���p stacking
arrangement. By way of contrast, in the crystal structure
of 3, only the H-bonded six-membered rings are subjected
to stacking interactions, possibly because of the sterical
barrier of the ortho-substituents, which prevents effective
face-to-face aromatic interactions.


In the compounds 4–6, the nitro substituents provide
additional coordination sites which allow a higher degree
of intermolecular cross-linking. In the crystal structure of
the monosubstituted derivative 4 (Fig. SIII), only one of
the nitro oxygens takes part in an intramolecular
N—H���O and a weaker C—H���O contact to an adjacent

1 (a), 5 (b), and 6 (c). The thermal ellipsoids are drawn at the
ken lines
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Figure 2. Packing diagram of 1 viewed down the crystallographic a-axis. The hydrogen bonds are shown as broken lines
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molecule. Attachment of an additional nitro substituent,
as in the 2,6-dinitro-substituted compound 5 (Fig. SIV)
drastically changes the molecular assembly in the crystal.
With the exception of the nitro oxygen O(5), which is
involved in intramolecular hydrogen bonding, all other
strong acceptors are involved in intermolecular cross-
linking, thus stabilizing the crystal structure by a close
network of non-covalent interactions. Different from the
crystal structures described above, the 2-nitro-6-methyl-
substituted derivative 6 shows a typically columnar
packing mode with the molecules of the neighboring
stack inclined to one another (Fig. 3).

DFT calculations


Quantum chemical calculations have been performed to
obtain a better insight into the structural features of the

Copyright # 2007 John Wiley & Sons, Ltd.

compounds under investigation. Optimized geometries
are denoted with formula number and following letters (a
or b) in order to distinguish calculated geometries from
experimental data.


Parent compound 1 and methyl-substituted
derivatives 2 and 3. A comparison of the optimized
geometry of 2a with the X-ray structure of 2 shows very
good agreement of bonding parameters (Fig. 4a). There
are only small deviations in the overall geometry of the
molecule with respect to the angle between the planes 1
and 2 (Scheme 2) formed by the hydrazone unit (plane 1)
and the phenyl ring including ortho-substituents (plane
2). The optimized molecule 2a is completely planar while
the molecule 2 in the solid state shows an angle of
3.538(0.88) between both planes. This difference is more
pronounced in the structure overlay of 3a and 3. The angle
between the planes of 3 in the solid state is 3.358(0.57).
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Figure 3. Packing diagram of 6. Hydrogen bonds are shown as broken single lines; arene–arene interactions are marked as
broken double lines; interactions between aromatic rings and H-bridged hydrazone rings are displayed as dotted lines
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On the other hand, the optimized geometry of the
molecule in the gas phase (3a) has an angle of 21.148
between planes 1 and 2. This non-planar geometry of the
unhindered molecule in the gas phase suggests a repulsive
steric interaction between the methyl groups in ortho
positions of the phenyl ring and the hydrazone unit.


The quantum chemical investigation of rotational
barriers is a suitable tool to investigate such kind of
steric interactions more closely.19 For that purpose,
relaxed potential energy surface (PES) scans have been
performed with rotation of the phenyl group around the
bond N(2)—C(6), being schematically shown for 1a, 2a,
and 3a in Fig. 5. We can assume that all steric and
electronic interactions between the phenyl groups and the

N


N


O


O


R1R2


H


Plane 1


Plane 2


Scheme 2. Representation of planes discussed in the text
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hydrazone unit are switched off at a torsion angle of 908.
Therefore the torsional potentials of 2a and 3a were
scaled in that way that all three functions intersect at 908.
It is possible to draw information about the different steric
interactions of 1a, 2a, and 3a by comparing these graphs.

Figure 4. Structure overlay of the optimized geometries of
2a (a) and 3a (b) with the geometries of 2 and 3 from X-ray
structures, respectively. The aromatic carbon atoms of the
arene unit were positioned on top of each other
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Figure 5. Schematic representation (a) of PES scans of 1a, 2a, and 3a for rotation of the aryl ring around N(2)–C(6). Illustration
(b) of the rotational conformers of 2a
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The torsional potential for 1a gives information about
the conjugative interaction between the p-system of the
phenyl ring and the hydrazone unit. This torsional
potential has a maximum at 908, with 25.4 kJ/mol higher
energy than the molecule in its minimum geometry with a
torsion angle of 08. The substitution of one ortho position
at the phenyl ring of 1 by a methyl group, as in 2, leads to
torsion potential with two different minima [E(2a) in
Fig. 5]. The global minimum of this molecule is at a
torsion angle C(7)–C(6)–N(2)–N(1) of 08. This global
minimum is 1.8 kJ/mol higher in energy than the global
minimum for 1a (~E1 in Fig. 5) thus indicating that there
is only a small steric repulsion. The maximum is also at
908 due to the complete inhibition of conjugative
interaction. Going further to 1808 leads to a local
minimum which is 14.3 kJ/mol higher in energy than the
global minimum. This can be explained with the repulsive
interaction between the methyl group in ortho position
and the free electron pair at N(1). The steric repulsion
between the methyl group and the nitrogen atom N(1) can
be estimated with 16.1 kJ/mol (~E2 in Fig. 5). The
rotational barrier is changed, if there are two methyl
groups in both ortho positions of the phenyl ring. The
global minimum is no longer at a torsion angle of 08, but
at a torsion angle of about 358. This conformation is
obviously the best compromise between minimal steric

Copyright # 2007 John Wiley & Sons, Ltd.

repulsion and optimal conjugative interaction. The
overall rotational barrier of 3a is much smaller than
for the molecules discussed before. This can be attributed
to the steric repulsion between the methyl groups in both
ortho positions with the hydrazone unit which disfavors
torsion angles close to 0 or 1808. The steric repulsion
between two methyl groups in ortho position and the
hydrazone unit can be estimated with 21 kJ/mol (~E3 in
Fig. 5). The respective torsion angle for 3 is much smaller
in the solid state [3.4(0.6)8 between the mean plane given
by C(6)-C(7)-C(8)-C(9)-C(10)-C(11) and the mean plane
given by the sequence H(2)-N(2)-N(1)-C(3)-C(2)-O(1)],
suggesting a consequence of packing effects. However,
one should bear in mind that these values were calculated
for an isolated molecule in the gas phase and depend also
on the method and basis set combination. Therefore, these
values should be regarded as a qualitative description of
the rotational barrier and the electronic and steric effects
connected with this rotation.


Nitro-substituted compounds 4 and 5. The struc-
ture overlay of the optimized geometry of 4a with the
geometry of 4 from X-ray structure analysis shows a
nearly perfect fit (Fig. 6a), which is a remarkable case
where gas phase and solid state molecular geometry
closely correspond. The molecule is completely planar
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Figure 6. Structure overlay of the optimized geometries of
4a (a) and 5a (b) with the geometries of 4 and 5 from X-ray
structures, respectively. The aromatic carbon atoms were
positioned on top of each other
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allowing maximal conjugation of the p-system. Further-
more, a bifurcated hydrogen bond from N(2)—H(2) to
O(1) and O(3) is indicated on the basis of the structural
data (cf. Fig. SIII). To obtain some information about
these stabilizing effects, three different torsion potentials
have been investigated: (a) the rotation of the phenyl ring
around the bond N(2)—C(6); (b) the rotation of the nitro
group around the bond C(11)—N(3); (c) the rotation of
the carbonyl group at C(2)—O(1) around C(2)—C(3).


The rotational barrier of the phenyl ring around the
bond N(2)—C(6) of 4a gives a PES (Fig. 7) which is
similar to the rotation of the phenyl ring in 2a. There is a
global minimum at 08 and a local minimum at 1558. The
maximum is at 958, which is 32.9 kJ/mol higher in energy
compared to the global minimum. Rotation of the nitro
group out of the planar conformation not only reduces
p-conjugation with the phenyl ring but also breaks the
hydrogen bond. This barrier amounts to 23.6 kJ/mol for
4a, a value which is very similar to the barrier of
nitrobenzene (24.2 kJ/mol).20 Hence, from this data there
is no remarkable effect which could be ascribed to the
presence of a hydrogen bond between N(3)—O(3) and
H(2)—N(2). Rotation of the carbonyl group by varying
the torsion angle O(1)–C(2)–C(3)–N(1) impairs both the
p-conjugation of the 3-(hydrazono)pentane-2,4-dione
unit and the potential hydrogen bond between O(1)
and N(2)—H. The total energy of the molecule increases
about 22.6 kJ/mol when this torsion angle is at 908. The
intramolecular H-bond energy for ketohydrazones was
estimated with 29.4 kJ/mol at the B3LYP/6-31þG(d,p)

Copyright # 2007 John Wiley & Sons, Ltd.

level in a previous work.21 Further rotation results in a
continuing increase of energy since the methyl group at
C(1) comes into spatial conflict with H(2).


The PES scan of 5a was scaled to have the same
maximum energy as the PES scan of 4a (Fig. 7). The
rotation of the phenyl ring around the bond N(2)—C(6) of
5a gives a symmetric PES with two minima at 30 and
1508. These minima represent the best compromise
between (a) steric repulsion between the nitro group and
the free electron pair at N(1), (b) the attractive interaction
between one oxygen atom of the nitro group and H(2),
and (c) the maximized conjugative interaction between
phenyl ring and the hydrazono group. The maximum of
this PES scan is at 908 with 26.2 kJ/mol higher energy
than the minima. All three interactions mentioned above
are switched off at 908. Only the nitro groups attain
maximal conjugative interaction with the phenyl ring at
this torsion angle.


A comparison of the PES scans of 4a and 5a allows to
draw some interesting conclusions. The energy difference
~E4 represents the destabilizing effect between the nitro
group and the free electron pair at N(1) and can be
estimated to 6.5 kJ/mol in these compounds. The energy
difference ~E5 can be interpreted as the stabilizing effect
between one oxygen atom of the nitro group and H(2)
with a value of 10.1 kJ/mol.


In order to obtain more information about the bonding
situation in 3-(arylhydrazono)pentane-2,4-diones, includ-
ing possible hydrogen bonds, another method of quantum
chemical analysis has been used. Compound 4a which
shows a remarkably close fit to the solid state structure
was chosen as a representative example. For that purpose,
the Atoms in Molecules (AIM) Theory can be utilized.22


This method partitions the electron density of a molecule
into individual non-overlapping atomic fragments by
rigorously defined interatomic surfaces.23 Various proper-
ties can be derived from the electron density distribution.
The electron density in a molecule is a three-dimensional
function which has four types of extrema: maxima,
minima, and two types of saddle points.24 The maxima
coincide with the nuclear positions. Minima are found in
the center of cage molecules and are called cage critical
points. Saddle points being specific to a maximum in one
dimension and a minimum in two dimensions are called
ring critical points. These are found in the center of
atomic rings. Saddle points resulting from a maximum in
two dimensions and a minimum in one dimension are
called bond critical points. When a bond critical point is
found between two atoms, we can draw an atomic
interaction line. When the molecule is in an equilibrium
geometry, the atomic interaction line is called a bond
path. A bond path, however, is not identical with a bond in
the sense used by Lewis. Bond paths of this particular
type are observed for predominately ionic bonds, covalent
bonds, weak hydrogen bonds, and even interactions
between anions. Unfortunately, the topological analysis
of electron density cannot discriminate between attractive
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Figure 7. Schematic representation (a) of PES scans of 4a and 5a for the rotation of the aryl ring around N(2)–C(6). Illustration
of the conformational rotation of 4a (b) and 5a (c), with attractive interactions symbolized by a broken line, repulsive interactions
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and repulsive interactions but tells us that there are
interactions between the atoms, discussed in more detail
in recent literature.25–28 In order to avoid improper
conclusions from the topological analysis of electron
density, the calculated torsional potentials from above are
supportive, allowing us to distinguish unambiguously
between attractive and repulsive interactions.


Figure 8a shows the electron density distribution of 4a
in the plane of the atoms. The AIM analysis allows to
derive a molecular graph which is shown in Fig. 8b. The
atoms are connected by atomic interaction lines going
through the bond critical points. These lines correspond
widely to our association of covalent bonds in this organic
molecule. There are distinct properties of the electron

Copyright # 2007 John Wiley & Sons, Ltd.

density at the bond critical points that provide us with
useful information about the nature of the bond.24 The
first property is the value of the electron density, which is
given in atomic units (e/Bohr3) in Table 4. It is possible to
draw conclusions about the bonding degree (single/
double/triple bond) by comparing this value with suitable
reference molecules. The second value is the ellipticity,
which represents the shape of the electron density
distribution in a plane perpendicular to the bond path at
the bond critical point. While double bonds show
significant bond ellipticity, single and triple bonds do not.


The bond critical point between C(2) and O(1) of 4a
has electron density of 0.40 e/Bohr3 and a very small bond
ellipticity between. These values are very similar to the
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Figure 8. Electron density distribution (a) and representation of bond and ring critical points (b) of 4a
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values of formaldehyde. The low ellipticity of the C——O
double bond can be explained with the presence of free
electron pairs at the oxygen atom in the plane
perpendicular to the p-orbitals of the double bond. The
values of the electron density of the C—N-bonds
[C(3)—N(1) 0.348 and N(2)—C(6) 0.302 e/Bohr3] are
between the values of methylamine (0.267) and H2C——
NH (0.389), meaning that both bonds of 4a have partial
double bond character; a statement which is supported by
the ellipticity. The same is true for the bond N(1)—N(2),
when making use of a comparison with the reference

Table 4. Electron density and bond ellipticity at selected bond c


Molecule Bond critical point


4a C(2)–O(1)
C(3)–N(1)
N(2)–C(6)
N(1)–N(2)


N(2)–H(2)
H(2)���O(1)
H(2)���O(3)


Ethane C–C
Ethene C——C
Acetylene C——C
Formaldehyde C——O
Methylamine C–N
H2C——NH C——N
Hydrazine N–N
HN——NH N——N


Copyright # 2007 John Wiley & Sons, Ltd.

molecules hydrazine and HN——NH, that is, a partial
double bond character is shown. Three bond critical
points between H(2) and its neighboring atoms were
found (Table 4). The bond between N(2) and H(2) can be
regarded as a typical single covalent bond. There are also
bond critical points between H2 and O1 and O3,
respectively. The value of electron density at the bond
critical point for these interactions is one order of
magnitude smaller than for N(2)—H(2). Hence, on the
basis of the topological analysis we can assume the
presence of hydrogen bonds between these atoms. Similar

ritical points in 4a and reference molecules


Electron density (e/Bohr3) Ellipticity


0.40 0.074
0.348 0.274
0.302 0.136
0.388 0.105


0.322 0.036
0.036 0.055
0.029 0.071
0.243 0
0.348 0.388
0.402 0
0.410 0.072
0.267 0.041
0.389 0.237
0.273 0.037
0.476 0.17
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values for hydrogen bonds have been found in other
molecules.29,30 A weak interaction is also suggested
between O(2) and C(1) based on the presence of a ring
critical point (Fig. 8b).


Mixed methyl- and nitro-substituted derivative
6. Two rotamers of 6 are imaginable, depicted as 6a and
6b in Fig. 9. The experimentally determined structure in
the solid state is similar to the optimized structure 6a. At
the B3LYP/6-311þG(d,p) level of theory, the optimized
geometry 6a is more stable than 6b. The energy difference
between both rotamers is 4.5 kJ/mol in electronic energy
(including zero point correction) and 3.1 kJ/mol in Gibbs
free energy. Different effects of steric repulsion are
cumulated in this molecule between the substituents in
ortho position (NO2 and CH3) and the hydrazono group.
Furthermore, the nitro group is in conjugative interaction
with the phenyl ring. The minima at 50 and 1308 in the
energy profile for the rotation of the nitro group in 6a
(Fig. 10) represent therefore a compromise between
minimized steric repulsion and retained conjugative
interaction between the nitro group and the phenyl ring.
The nitro group and the nitrogen atom N(1) are not able to
form any stabilizing orbital interaction. This is shown
exemplarily in Fig. 11 with HOMO-2 [free electron pair at
N(2)] and HOMO-3 [electron pair at O(3) and O(4) plus
phenyl p-orbital].

CONCLUSIONS


As the starting point of this investigation, an ortho-
mononitro (4) and ortho-methyl-and nitro-disubstituted
arylhydrazone (6) were found in unexpectedly different
conformations regarding the arylhydrazone bond. Trying
to solve this strange behavior, a systematic series of
respective ortho-mono- and disubstituted arylhydrazones
including the unsubstituted parent compound (1–6) have

Figure 9. Optimized geometries (B3LYP/6-311þG(d,p)) of
6a and 6b
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been synthesized and studied by X-ray crystal structure
analysis, with added quantum chemical calculations.


Due to the good agreement between the optimized
geometries based on DFT calculations and the exper-
imental data from crystal structure analysis, relevant
rotational barriers could be determined. These give an
obvious indication that repulsive forces between an
ortho-positioned methyl group and the nitrogen-free
electron pair are stronger than for a nitro group and the
electron pair in this type of molecules, corresponding to
the structural findings. Moreover, good correspondence
was found between the bond and ring critical points,
calculated by the method of ‘atoms in molecules’ and the
experimental data, confirming the conjugate character of
the six-membered hydrogen-bonded ring of the hydra-
zone unit. This is a result not conflicting with the IRAHB
model based on p-electron delocalization.16 Thus, it is
shown that DFT calculations carried out on a series of
arylhydrazones, formed of pentane-2,4-dione and ortho-
methyl- and nitro-substituted diazonium salts, are a useful
way to make reliable prediction of their molecular
conformations. This might be useful in the design of
functional materials attributed to smart hydrogen bond-
ing,11 photo-triggered structural switching,12 and targeted
metal ion complexes.31

EXPERIMENTAL


Synthesis


Melting points were determined with a hot-stage
microscope (VEB Dresden Analytik) and are uncor-
rected. Elemental analyses were determined on a Heraeus
CHN rapid analyzer. The IR spectra were obtained with a
Nicolet 510 FT-IR spectrometer. 1H and 13C-NMR
spectra were recorded using a Bruker Avance DPX 400
(400 MHz) instrument. The chemical shifts (d) are
reported as ppm relative to SiMe4. Mass spectra were
recorded with a DEI-MS (Finnigan SSQ 710), EI-MS
(Bruker Daltonik, ESQUIRE-LC ion trap, solvent:
acetonitrile/water/5% formic acid; flow rate 3ml/min;
ion polarity: positive), or GC-MS (Finnigan MAT 8230,
source mode: chemical ionization with isobutane, ion
polarity: positive).

Compounds 1–6: General procedure


A solution of the diazonium salt was prepared under
cooling (0–5 8C) from the respective aniline (20 mmol) in
hydrochloric acid (3 N, 40 ml; in the case of compounds
1–4 and 6) or conc. sulfuric acid (20 ml; for compound 5)
and a conc. aqueous solution of sodium nitrite (1.37 g,
20 mmol) according to the standard procedure.13 The cold
solution of the diazonium salt was added under cooling
(0 8C) and stirring to a mixture being composed of
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Figure 10. Energy profile for conformational rotation of the nitro group in 6a
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pentane-2,4-dione (2.1 ml, 2.04 g, 20 mmol), NaOH
(1.0 g, 25 mmol), sodium acetate (8.2 g, 100 mmol),
methanol (160 ml), and water (160 ml). The mixture
was allowed to warm to room temperature and stirred for
1 h. The precipitate which had formed was collected,
washed with water, and recrystallized from ethanol.
Specific details for each compound are given below.


3-(Phenylhydrazono)pentane-2,4-dione (1). Freshly
distilled aniline (1.8 ml, 1.86 g, 20 mmol) was used to
afford 95% yellow powder; m.p. 85–87 (lit.32 m.p. 88 8C).

Figure 11. HOMO-2 (a) and HOMO-3 (b) of 6a (0.02 e/Å3 isosu
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3-(2-Methylphenylhydrazono)pentane-2,4-dione
(2). 2-Methylaniline (2.14 g, 20 mmol) was used to
afford 96% yellow powder; m.p. 97–99 8C (found, C
65.86, H 6.49, N 12.60; C12H14N2O2 requires C 66.04, H
6.47, N 12.84%); IR (KBr), n¼ 3308 (m, b, N—H), 1669
(s, C——O), 1623 (s, C——O���H), 1584 (s, C——N), 1519 (s,
C——C), 1373–1326 (s, CO—CH3), 760 (s, Ar—H) cm�1;
1H-NMR (400 MHz, CDCl3):d¼ 2.40 (s, 3H, CH3CO),
2.51 (s, 3H, CH3CO), 2.63 (s, 3H, CH3), 7.10 (m,
3JH-H¼ 7.6 Hz, 1H, Ar—H), 7.20 (m, 3JH-H¼ 7.2 Hz, 1H,
Ar—H), 7.28 (m, 3JH-H¼ 7.6 Hz, 1H, Ar—H), 7.75 (m,
3JH-H¼ 8.0 Hz, 1H, Ar—H), 14.98 (s, 1H, NH).

rface)
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13C-NMR (100.6 MHz, CDCl3):d¼ 17.00 (Ar—CH3),
26.68, 31.56 (CH3—CO), 115.02 (Ar), 125.68 (C—CH3),
125.68 (Ar), 127.50 (Ar), 131.09 (Ar), 133.84 (C——N),
139.78 (C—N), 197.19, 197.86 (C——O); MS (GC-MS),
m/z¼ 218 [MþH]þ (97%).


3-(2,6-Dimethylphenylhydrazono)pentane-2,4-
dione (3). 2,6-Dimethylaniline (2.42 g, 20 mmol) was
used to afford 98% yellow powder; m.p. 74–76 8C (found,
C 66.96, H 6.94, N 11.89; C13H16N2O2 requires C 67.22,
H 6.94, N 12.06%); IR (KBr), n¼ 3327 (m, b, N—H),
1671 (s, C——O), 1616 (s, C——O���H), 1588 (s, C——N),
1522 (s, C——C), 1355–1322 (s, CO—CH3), 758 (s,
Ar—H) cm�1; 1H-NMR (400 MHz, CDCl3): d¼ 2.40 (s,
3H, CH3CO), 2.45 (s, 3H, CH3CO), 7.07 (m, 2H, Ar—H),
7.12 (m, 1H, Ar—H), 14.97 (s, 1H, NH); 13C-NMR
(100.6 MHz, CDCl3): d¼ 19.38 (Ar—CH3), 26.92, 31.54
(CH3—CO), 126.38 (Ar), 129.66 (Ar), 129.86 (C——N),
133.70 (C—CH3), 138.07 (C—N), 197.15, 197.65 (C——
O); MS (ESI, 150 8C), m/z¼ 233 [MþH]þ (100%).


3-(2-Nitrophenylhydrazono)pentane-2,4-dione
(4). 2-Nitroaniline (2.76 g, 20 mmol) was used to afford
99% yellow powder; m.p. 137 8C (found, C 53.05, H 4.64,
N 16.86; C11H11N3O4 requires C 53.01, H 4.45, N
16.50%); IR (KBr), n¼ 3270 (m, b, N—H), 1686 (s, C——
O), 1643 (s, C——O���H), 1606 (s, C——N), 1494 (s, C——C),
1519 (s, C—NO2), 1318–1308 (s, CO—CH3), 790 (s,
Ar—H) cm�1; 1H-NMR (400 MHz, CDCl3): d¼ 2.49 (s,
3H, CH3CO), 2.57 (s, 3H, CH3CO), 7.48 (d,
3JH-H¼ 9.2 Hz, 2H, Ar—H), 8.29 (d, 3JH-H¼ 9.2 Hz,
2H, Ar—H), 14.48 (s, 1H, NH). 13C-NMR (100.6 MHz,
CDCl3): d¼ 26.6, 31.78 (CH3—CO), 115.80 (Ar), 125.79
(Ar), 15.09 (C——N), 144.61 (C—NO2), 146.63 (C—N),
196.76, 198.73 (C——O); MS (DEI), m/z¼ 249 [MþH]þ


(10%).


3-(2,6-Dinitrophenylhydrazono)pentane-2,4-dio-
ne (5). 2,6-Dinitroaniline (3.66 g, 20 mmol) was used to
afford 82% yellow powder. In this case we used 20 ml
concentrated sulphuric acid instead of the hydrochloric
acid; m.p. 153–155 8C (found, C 44.87, H 3.44, N
18.64; C11H10N4O6 requires C 44.90, H 3.43, N 19.04%);
IR (KBr), n¼ 3266 (m, b, N—H), 1675 (s, C——O), 1617
(s, C——O���H), 1538 (s, C——C), 1504 (s, C—NO2),
1360–1320 (s, CO—CH3), 740 (s, Ar—H) cm�1;
1H-NMR (400 MHz, CDCl3): d¼ 2.39 (s, 3H, CH3CO),
2.63 (s, 3H, CH3CO), 8,18 (m, 3JH-H¼ 8.0 Hz, 2H,
Ar—H), 8.36 (m, 3JH-H¼ 8.4 Hz, 1H, Ar—H), 15.17 (s,
1H, NH); 13C-NMR (100.6 MHz, CDCl3): d¼ 26.36, 31.77
(CH3—CO), 120.36 (Ar), 130.25 (Ar), 132.82 (C—NO2),
137.64 (C——N), 142.27 (C—N), 197.01, 198.04 (C——O);
MS (GC-MS), m/z¼ 294 [MþH]þ (100%).


3-(2-Methyl-6-nitrophenylhydrazono)pentan-
e-2,4-dione (6). 2-Methyl-6-nitroaniline (3.04 g,
20 mmol) was used to afford 98% yellow powder; m.p.

Copyright # 2007 John Wiley & Sons, Ltd.

99 8C (found, C 55.05, H 5.02, N 15.88; C12H13N3O4


requires C 54.75, H 4.98, N 15.96%); IR (KBr), n¼ 3330
(m, b, N—H), 1675 (s, C——O), 1635 (s, C——O���H), 1606
(s, C——N), 1535 (s, C——C), 1359–1308 (s, CO—CH3),
791 (s, Ar—H) cm�1; 1H-NMR (400 MHz, CDCl3):
d¼ 2.33 (s, 3H, CH3CO), 2.49 (s, 3H, CH3CO), 2.63 (m,
3H, C—CH3), 7.31 (m, 1H, Ar), 7.63 (d, 3JH-H¼ 7.6 Hz,
1H, Ar—H), 7.8 (d, 3JH-H¼ 8.4 Hz, 1H, Ar—H), 14.26 (s,
1H, NH); 13C-NMR (100.6 MHz, CDCl3): d¼ 19.00
(CH3), 26.49, 31.70 (CH3—CO), 123.51 (Ar), 125.14
(Ar), 133.43 (C—CH3), 135.30 (C—NO2), 135.31 (C——
N), 135.44 (Ar), 141.64 (C—N), 197.11, 197.33 (C——O);
MS (ESI, 150 8C), m/z¼ 264 [MþH]þ 40%).

X-ray crystallography


The X-ray diffraction data of 3 and 6 were collected on a
CAD-4 diffractometer in the v–2u scan mode
(lCuKa¼ 1.5418 Å, graphite monochromator). X-ray
diffraction studies of 1, 2, 4, and 5 were carried out on
a Bruker-AXS APEX II diffractometer with a CCD area
detector (lMoKa¼ 0.71073 graphite monochromator):
Frames were collected with v and f rotation at 10 s
per frame. The net intensities were corrected for Lorentz
and polarization effects. Absorption correction was
carried out with SADABS (SAINT-NT).33 Preliminary
structure models were derived by application of direct
methods 34 and were refined by full-matrix least-squares
calculation based on F2 values for all unique reflections.
The non-hydrogen atom positions were refined aniso-
tropically. The nitrogen-bonded hydrogen atom H(2) in 3
and 6 was included in the models in calculated positions,
whereas this hydrogen in structures 1, 2, 4, and 5 was
extracted from difference electron density maps and was
hold riding on its parent nitrogen atom during subsequent
calculations.

Supplementary material


Crystallographic data for the structures in this paper have
been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication numbers
CCDC-633705 (1), CCDC-633706 (2), CCDC-633707
(3), CCDC-633708 (4) CCDC-633709 (5), and
CCDC-255318 (6). Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: þ44-1223-336033,
e-mail: deposit@ccdc.cam.ac.uk).

Quantum chemical calculations


The Quantum chemical calculations were carried out
using the GAUSSIAN 03 series of programs.35 Geome-
tries were fully optimized at the density functional theory
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level (DFT), using Becke’s three-parameter hybrid
exchange functional and the correlation functional of
Lee, Yang, and Parr (B3LYP).36,37 Geometry optimiz-
ations and harmonic frequencies were calculated for all
elements with the polarized 6-31G(d,p) basis set for
2a–5a and with the 6-311þG(d,p) basis set for 6a and
6b.19,38,39 The stationary points were characterized by
zero imaginary frequencies.


Relaxed PES scans have been performed with the
Opt¼ModRedundant utility in Gaussian 03 with B3LYP/
6-311þG(d,p). This option includes the specification of
redundant internal coordinates. In these cases, a specific
torsion angle has been changed in five degree steps. On
every step, the geometry of the molecule was completely
optimized, restricting only the torsion angle to the
specified value. This method allows access to a defined
section of the PES. Rotational barriers which include the
breaking and formation of hydrogen bonds strongly
depend from the basis set. Therefore, different basis sets
in combination with the B3LYP functional have been
tested for that purpose: 6-31G(d,p); 6-31þG(d,p);
6-311þG(d,p). The lowest and probably most realistic
barrier was obtained with B3LYP/6-311þG(d,p). The
calculation of the PES scans included up to 36
optimization steps. Therefore, the use of computational
expensive electron correlation methods like CCSD or
MP2 is impractical. The same holds for more extensive
basis sets. DFT methods fail to describe any stabilization
originated from the dispersion energy.40 Therefore, one
should keep in mind that the presented PES profiles
represent estimations of the rotational barriers.


Three-dimensional MO plots were generated with
GaussView 41 with a contour value of 0.02 e/Å3. The AIM
analyses22 of 4a and the reference molecules have been
performed at the B3LYP/6-311þG(2d,p) level with the
previously optimized geometries and could be denoted as:
B3LYP/6-311þG(2d,p)//(B3YLP/6-31G(d,p). The
wavefunction files for the AIM analysis were generated
in Cartesian coordinates with a basis set containing 6d
functions. The option SCF¼Tight was used to prevent
‘charge leakage’ as described by Popelier.42 The electron
density topology was analyzed using the AIMPAC
programs which can be obtained from the official Atoms
in Molecules Download Site at http://www.chemistry.mc-
master.ca/aimpac/ and AIM2000 by F. Biegler-König and
J. Schönbohm.
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28. Poater J, Solà M, Bickelhaupt FM. Chem. Eur. J. 2006; 12: 2902–


2905.
29. Espinosa E, Souhassou M, Lachekar H, Lecomte C. Acta Cryst.


1999; B55: 563–572.
30. Aydeniz Y, Oguz F, Yaman A, Konuklar AS, Dogan I, Aviyente V,


Klein RA. Org. Biomol. Chem. 2004; 2: 2426–2436.
31. McCleverty JA, Meyer TJ, Fujita M, Powell A, Creutz CA.


Comprehensive Coordination Chemistry. Elsevier: Oxford, 2004.
32. Ho YW, Wang IJ. Dyes Pigments 1995; 29: 295–304.
33. Bruker Analytical X-ray, Systems. SAINT-NT (Version 6.0), 2003.
34. Sheldrick GM. SHELX-97, Program for Crystal Structure Solution


and Refinement. University of Göttingen: Germany, 1997.
35. Gaussian 03, Revision C.02, Frisch MJ, Trucks GW, Schlegel HB,


Scuseria GE, Robb MA, Cheeseman JR, Montgomery JA, Vreven
T, Kudin KN, Burant JC, Millam JM, Iyengar SS, Tomasi J, Barone
V, Mennucci B, Cossi M, Scalmani G, Rega N, Petersson GA,
Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa J,
Ishida M, Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X,
Knox JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts
R, Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K, Fores-
man JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski J,
Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I, Martin
RL, Fox DJ, Keith T, Al-Laham MA, Peng CY, Nanayakkara A,
Challacombe M, Gill PMW, Johnson B, Chen W, Wong MW,
Gonzalez C, Pople JA. Gaussian, Inc.: Wallingford CT, 2004.

J. Phys. Org. Chem. 2007; 20: 716–731


DOI: 10.1002/poc







SYNTHESIS AND STRUCTURES OF 3-(ARYLHYDRAZONO)PENTANE-2,4-DIONES 731

36. Becke AD. J. Chem. Phys. 1993; 98: 5648–5652.
37. Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ. J. Phys.


Chem. 1994; 98: 11623–11627.
38. Hariharan PC, Pople JA. Theoret. Chimica Acta. 1973; 28: 213–


222.

Copyright # 2007 John Wiley & Sons, Ltd.

39. Francl MM, Pietro WJ, Hehre WJ, Binkley JS, Gordon MS,
DeFrees DJ, Pople JA. J. Chem. Phys. 1982; 77: 3654–3665.


40. Hobza P. Annu. Rep. Prog. Chem., Sect. C 2004; 100: 3–27.
41. GaussView 3.0, Gaussian Inc., Pittsburgh 2004.
42. Popelier LA. Comput. Phys. Commun. 1998; 108: 180–190.

J. Phys. Org. Chem. 2007; 20: 716–731


DOI: 10.1002/poc








Nucleophilic reactivity of aniline derivatives towards
the nitroso groupy


Gabriel da Silva, Eric M. Kennedy* and Bogdan Z. Dlugogorski


Process Safety and Environment Protection Research Group, School of Engineering, The University of Newcastle, Callaghan, NSW 2308,
Australia


Received 31 July 2005; revised 2 March 2006; accepted 20 March 2006


ABSTRACT: This study investigates the reactivity of the electrophilic nitroso group towards nucleophilic aniline
derivatives from various nitrosating agents. A relationship between the rate of nitrosation and Edwards’ nucleophilic
parameter (En) is disclosed, indicative of a transition state that is mostly product-like in nature with respect to cleavage
of the nitroso bond in the nitrosating agent. A similar relationship based on thework ofMarcus provides a considerably
better explanation of the data. Through application of the Marcus equation, the free energy change of reaction is
calculated for the nitrosation reactions studied, which in turn is applied to develop an equation linking the free energy
of formation of a nitrosamine and its corresponding protonated amine. This equation accounts for the often-observed
Brønsted relationships in nitrosation reactions. The intrinsic barrier to reaction is estimated to be 10 kJmol�1,
indicating that the main impedance to nitrosation arises from the unfavourable reaction thermodynamics. However, for
the nitrosation of aniline derivatives substituted with p-electron withdrawing groups, an unbalancing of the transition
state results in an increased intrinsic barrier, of the order of 19 kJmol�1. For electronic-effect aniline derivatives, a
More O’Ferrall–Jencks diagram shows the nitrosation transition state to be synchronously well balanced between
reactants and products. This diagram also confirms that the reaction follows a concerted mechanism. The nitrosation of
resonance-stabilised aniline derivatives is somewhat less synchronous, however, due to delocalisation of the lone
electron pair on the amino group, induced by p electron withdrawing substituents. Transition states were located
according to the theory of harmonic parabolic wells. The results of these calculations agreed with transition state
locations predicted using linear free energy relationship techniques. A method is developed which approximates free
energy profiles by treating the product and reactant free energy wells as harmonic parabola, while the free energy
profile around the transition state is taken as the parabolic barrier to the product and reactant energy wells. Applying
this technique, free energy profiles for electronic-effect and resonance-stabilised aniline nitrosation are predicted,
utilising measured kinetic values and predicted thermodynamic properties. We couple the simulated free energy
profiles with their corresponding More O’Ferrall–Jencks diagrams in order to elucidate the three-dimensional reaction
path traversed between reactants and products, in terms of both structure and energy. We also demonstrate that the
nitrosonium ion behaves as a soft acid, and should therefore undergo covalent frontier-orbital controlled bonding.
Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


In recent times, reactions involving nitroso group transfer
have generated a great deal of interest. This interest has
largely risen out of the discovery of the vital role that
nitric oxide plays in the regulation of numerous
physiological functions.1 In addition, nitrosation reac-


tions are of pertinence due to the highly toxic and
carcinogenic properties of many N-nitrosamines,2 while
they are also important in several industrial processes.3


Much effort has been directed at determining factors
which affect the rate of nitroso group transfer, consistent
with the significance of nitrosation reactions. Many of
these studies have made use of ab initio techniques and
thermodynamic cycles to estimate bond dissociation
energies (BDEs),4 or to study the nature of nitrosation
transition states and the intrinsic barrier to reaction.5


Another common approach to analysing nitroso reactivity
has been to use linear free energy relationships (LFER).
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The use of LFER has centred chiefly around the
construction of Brønsted-style plots, in which lnk is
plotted against pKa, to assess the relative importance of
substrate basicity on the rate of reaction. However, the
results of these studies are often contradictory, in that the
existence of good Brønsted correlations have6 and have
not been reported,7,8 for various systems. Additionally,
reactivity has been correlated with other nucleophilic
parameters such as Ritchie’s Nþ parameter,8,9 vertical
ionisation potential,7 and the Hammett6e,10 and Pearson11


parameters.
With respect to nitrosation reactions, a great deal of


kinetic measurements exist for the reaction of aniline and
its derivatives, but relatively little is known about factors
affecting the reactivity of these systems. This is in spite of
the fact that aromatic nitrosamines tend to be highly
carcinogenic, and are relatively stable in solution (as
opposed to most primary aliphatic nitrosamines). Aro-
matic nitrosamines have also been shown to affect
transnitrosation to other substrates,12 opening further
pathways for the formation of a wide range of toxic
compounds. The two factors of basicity and nucleophi-
licity are known to affect the reactivity of aniline and its
derivatives towards nitroso-bearing species. Stedman and
Whincup6f have observed linear relationships between the
rate of aniline nitrosation and pKa, demonstrating that
reactivity increases with increasing basicity of the amine.
In addition, Williams13 observed that the reactivity of
aniline (among other substrates) increases as the equi-
librium constant of the corresponding nitrosating agent
decreases. Recently, da Silva et al.14 showed that these
equilibrium constants are related to the nucleophilic
strength of the nitrosating agent through Edwards’
nucleophilic parameter, En. Thus, we see that nitroso
group reactivity towards aniline-type compounds
increases with increasing amine basicity and with
increasing nitrosating agent electrophilicity (i.e. decreas-
ing nucleophilicity).


The factors affecting nitroso reactivity towards aniline
and its derivatives remain relatively poorly understood,
despite the considerable importance of this class of
reactions. Previous researchers have identified the effects
of basicity and nucleophilicity as being important, though
they have not quantified or mechanistically described
either effect. As such, this study attempts to quantify the
factors affecting the reactivity of the nitroso group
towards aniline and its derivatives, using LFER. We then
extend the conclusions drawn from this system to
incorporate nitrosation reactions in general.


EXPERIMENTAL DATA


The present study is concerned with reactions carried out
under mildly acidic conditions, where nitrosation
proceeds through the initial formation of an electrophilic
nitrosating agent, ONX (Eqn 1), and subsequent reaction


of this nitrosating agent with a nucleophilic substrate (S),
according to Eqn (2).15 Under such conditions, nitrosation
by the species ONþ (H2ONO


þ) is considered negligible.
Nitrosating agents are formed from the equilibrium
reaction of nitrous acid with certain nucleophilic
catalysts, including chloride,16 bromide,17 thiocyanate,6f


iodide,18 thiourea19 and thiosulphate,20 according to
Eqn (1). In solutions of nitrous acid, the nitrosating agent
dinitrogen trioxide is also formed,21 where dissociated
nitrite ions act as the nucleophilic species. Common
substrates that undergo nitrosation include amines, thiols
and hydrocarbons, among others.


HNO2 þ X� þ Hþ ÐKONX


ONXþ H2O (1)


ONXþ S!kN ONSþ þ X� (2)


Rate constants for the nitrosation of aniline derivatives
by a range of nitrosating agents, according to the above
mechanism, have been compiled from numerous sour-
ces,10e,14,16,17,22 and are reproduced in Table 1. In some
instances, the quoted rate constants correspond to
averages of values from several literature sources. In
our study, we plan to use these experimental values to
examine the reactivity of the nitroso group towards
aniline-type compounds. The experimental data cover a
range of primary aromatic amines substituted in the ortho,
meta and para positions, as well as one secondary amine.
Also included in the table are experimental measurements
for the nitrosation of 1-naphthylamine compounds, which
contain two aromatic rings. All rate constants quoted in
this study are at 258C.


Table 1 shows that kN values for nitrosation via the
reactive nitrosating agents ONCl and ONBr appear to
approach a maximum value of around 5� 109M�1 s�1.
This value represents the encounter controlled limit,22i,j at
which chemical reactivity ceases to control, and
molecular diffusion dominates, and as such we have
removed these measurements. It was shown by da Silva
et al.23 that there is only a limited transition regime
between diffusion and reaction control, indicating that, in
general, measured rate constants lie completely within
one regime. As such, we have assumed that any rate
constant below 9� 108M�1 s�1 is completely unaffected
by encounter control.


DISCUSSION


We begin our analysis of nitroso reactivity with an
exploration of the thermodynamics of nitrosation, as we
attempt to describe the free energy change of nitrosation
based upon known kinetic information. Subsequently, we
perform an analysis of Brønsted-style relationships in
the nitrosation of aniline derivatives. The developed
thermodynamic models will be used to clarify the nature
of such relationships, alternative relationships will be
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explored, and the results analysed mechanistically.
Finally, the known kinetic data and the predicted
thermodynamic properties will be used, in conjunction
with the mechanistic insight provided by the analysis of
Brønsted and other free energy relationships, to study the
transition states that occur during aniline nitrosation.


Nitrosation thermodynamics


It is well known that the kinetics of bimolecular
nucleophilic substitution (SN2) reactions, including
nitrosation reactions of the form of Eqn (2), are affected
by both polarisability and basicity.24 Currently accepted
theory interprets the action of polarisability as indicative
of a frontier-orbital controlled reaction, forming covalent
bonds, while basicity is indicative of a charge-transfer
controlled reaction, forming ionic bonds.25


Edwards24 utilised LFER techniques in describing the
kinetic effect of polarisability and basicity with the
parameters En and pKa, respectively. Later, the hard and
soft acids and bases (HSAB) principle qualitatively
identified that the same two properties were responsible
for determining the thermodynamics, as well as kinetics,
of SN2 class reactions.26 According to the HSAB
principle, acids (electrophiles) which bonded favourably
with bases (nucleophiles) according to polarisability were
qualitatively labelled as soft, while those that bonded
favourably according to basicity were qualitatively
labelled as hard. Later, Yingst and McDaniel27 showed
that a quantitative link existed between the parameters of
Edwards and the HSAB principle, in that the reactions of


soft bases were described largely according to En, and
those of hard bases were described largely according
to pKa. Consequently, they interpreted the softness of a
base as the ratio of the contributions of En and pKa.


It has been demonstrated that equilibrium reactions
involving nitroso group transfer are well described by an
LFER between lnKONX and En.


6f In Fig. 1, a similar
relationship between lnKONX and pKa is plotted.
Evidently, no discernible relationship exists, and as such
we may label the nitroso species a soft acid, according to
Yingst and McDaniel’s27 interpretation of the HSAB
principle. Furthermore, by observing the intimate link


Table 1. Rate constants (kN, M
�1 s�1) for the nitrosation of aniline derivatives by various nitrosating agents at 258C


ONCl ONBr N2O3 ONSCN ONI ONþSC(NH2)2 ONS2O
�
3


1-naphthylamine 2.22� 109 3.70� 109 – 3.82� 108 – 2.45� 106 –
4-bromo-1-naphthylamine 1.38� 109 1.72� 109 – 3.35� 107 – 2.78� 105 –
4-chloro-1-naphthylamine 2.08� 109 2.60� 109 – 8.26� 107 – 4.45� 105 –
4-cyano-1-naphthylamine – 6.21� 107 – – – – –
4-nitro-1-naphthylamine 3.69� 108 2.16� 107 – 2.29� 105 – 1.89� 103 –
7-hydroxy-1-naphthylamine 1.24� 1010 4.48� 109 – 4.73� 108 – 4.26� 106 –
Aniline 2.8� 109 2.2� 109 7.5� 108 1.87� 108 2.6� 106 1.3� 106 2.2� 102


m-Chloroaniline 1.6� 109 – 9.6� 107 – – – –
m-Methoxyaniline 3.2� 109 2.2� 109 – 2.0� 107 1.9� 106 6.3� 105 –
m-Methylaniline 2.7� 109 5.27� 109 8.2� 108 – – – –
m-Nitroaniline 1.2� 109 1.1� 108 – – – – –
N-Methylaniline 3.0� 109 4.1� 109 4.0� 108 2.8� 108 – – 1.2� 104


o-Chloroaniline 1.2� 109 – 1.4� 107 – – – 1.6� 100


o-Methylaniline 2.4� 109 3.75� 109 4.2� 108 – – – –
p-Carboxyaniline 1.1� 109 4.3� 108 – 1.4� 106 8.8� 104 1.8� 104 –
p-Chloroaniline 2.0� 109 2.5� 109 2.8� 108 8.2� 107 2.9� 106 4.0� 105 2.0� 101


p-Methoxyaniline 5.5� 109 3.0� 109 – 7.46� 108 2.6� 107 1.6� 107 –
p-Methylaniline 3.5� 109 2.7� 109 1.9� 109 4.08� 108 – 5.0� 106 –
p-Nitroaniline 2.4� 108 4.3� 107 – – – – –
p-Sulphamidoaniline 1.8� 108 4.4� 107 – 7.3� 104 – 2.0� 102 –
p-Sulphoaniline 1.4� 109 9.9� 108 – 2.0� 106 – 5.9� 103 –
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Figure 1. pKaversus lnKONX for the species ONBr (*), ONCl
(*), ONþSC(NH2)2 (&), ONSCN (&), ONS2O


�
3 (^), N2O3


(^) and HNO2 (~)
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between thermodynamic and kinetic properties,28 we
propose that the reactivity of nitroso group transfer
would be dictated by polarisability, not basicity. This
conclusion suggests that the reactions of the nitroso
species would be frontier-controlled, with the resultant
bonds being mostly covalent in nature. This agrees with
the results of a recent ab initio study of nitroso bonding in
the common nitrosating agents ONCl, ONBr, N2O3 and
ONSCN.4d


According to the relationship of da Silva et al.,14 Eqn
(3) may be derived, which relates the free energies of
formation of a nitrosating agent and its constituent
nucleophile to the En parameter. Here, the Gibbs free
energies have units of Jmol�1.


DGo
f ;ONX � DGo


f ;X� ¼ 254 000� 44 400En (3)


Equation (4) gives the free energy change for a typical
nitrosation reaction (i.e. Eqn 2). Upon substitution of Eqn
(3) into this relationship, we obtain Eqn (5), which
describes the free energy change for nitrosation.


DGo
N ¼ DGo


f ;ONSþ þ DGo
f ;X� � DGo


f ;ONX � DGo
f ;S (4)


DGo
N ¼ DGo


f ;ONSþ � DGo
f ;S þ 44 400En � 254 000 (5)


Leffler28a showed that the thermodynamics and
kinetics for a reaction series are often related by LFER
of the form of Eqn (6), where the parameter a describes
the resemblance of the transition state to the reaction
products, and C1 is some constant. The application of this
theory assumes that the processes involved in transition
state formation develop synchronously, resulting in a
balanced transition state.29 It has previously been
demonstrated that this is the case during nitroso
transfer,6b allowing us to apply this theory.


DGz ¼ aDGo þ C1 (6)


Introducing Eqn (5) into Eqn (6), the following
expression is obtained.


DG
z
N ¼ aðDGo


f ;ONSþ � DGo
f ;S þ 44 400En � 254 000Þ þ C1


(7)


For the reaction of various nitrosating agents with a
single substrate the free energies of formation in Eqn (7)
remain constant, thus allowing us to group together these
constant terms to yield Eqn (8). This equation is similar in
form to the kinetic model presented by da Silva et al.,23 in
that the free energy of activation is linearly proportional
to En, and that the equation is only valid for the nitrosation
of a single substrate.


DG
z
N ¼ 44 400aEn þ C2 (8)


According to the above relationship, the slope of a plot
of �lnkN against En (for one particular substrate) should
reveal the value of a, and thus provide information as to


the nature of the transition state. This plot is made in
Fig. 2 for the nitrosation of aniline by a range of
nitrosating agents. Excluding the encounter-controlled
measurements obtained with ONBr and ONCl, a good
linear relationship is observed, spanning over six units on
the natural logarithmic scale, with a slope of �14.9;
similar slopes have also been observed for the nitrosation
of other substrates.23,30 According to Eqn (8) the observed
slope yields an a value of 0.83, indicating that the
nitrosation transition state greatly resembles the reaction
products. The parameter a is often taken to denote the
bond order of the transition state, nT. The bond order, n,
signifies the covalent s bond being formed between the
nitroso group and the substrate, and accepts a value of
unity for the fully formed bond and zero for the initial
reactant state of nitrosating agent and substrate. We may
only apply this description if the formation of the bond
between the nitroso group and the substrate is synchro-
nous with the destruction of the bond between the nitroso
group and the nucleophile.6b In the case of a non-
synchronous transition state, the a parameter would
represent the order of the ON—X bond in the transition
state, which would vary independently of the ON—S
bond. In this case, we would obtain two a values, one
designated aON—X and one aON—S.


Across a wide range of values, it is known that the
relationship between free energy change and the free
energy of activation begins to depart from linearity.
We witness this in Fig. 2, where the experimental value
for nitrosation via ONS2O


�
3 deviates significantly from


the linear relationship (about 3 units on the logarithmic
scale below the predicted value). Here, a more accurate


En
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Figure 2. Relationship between En and lnkN for the nitrosa-
tion of aniline via ONCl (*), ONBr (*), N2O3 (&), ONSCN
(&), ONI (^), ONþSC(NH2)2 (^) and ONS2O


�
3 (~). Linear


relationship represents the Leffler equation, featuring an a
value of 0.83. Experimental results for ONCl and ONBr are
under encounter control, and are therefore excluded from
the relationship. The experimental result for ONS2O


�
3 did not


conform to the Leffler equation within the tested range of
reactivity
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description of the experimental results is provided by the
electron transfer theory of Marcus,28b,c where the free
energy relationship adopts a quadratic form. The Marcus
equation is given in Eqn (9), where DGz


o is the intrinsic
barrier to reaction, and can be considered constant within
a reaction series. The intrinsic barrier to reaction is
analogous to the constant term in Eqn (6).


DGz ¼ DGzo 1þ DGo


4DG
z
o


 !2


(9)


Substituting Eqn (5) into Eqn (9) yields Eqn (10).
By fitting the global curvature of Eqn (10) to
experimental measurements of DGz, the intrinsic barrier
to reaction (DGz


o) can be determined, along with
values for (DGo


f ;ONSþ �DGo
f ;S). In addition, the


(DGo
f ;ONSþ �DGo


f ;S) values can be used with the
respective En values to estimate the free energy change
of nitrosation (DGo


N) for a particular combination of
nitrosating agent and substrate. In fitting the Marcus
equation to the experimental data, a plot of
DGo


Nversus DGz
N was produced, and values of


(DGo
f ;ONSþ �DGo


f ;S) for each substrate were varied, while
simultaneously adjusting DGz


o. Within a reaction series,
we assumed the intrinsic barrier to be the same for each
substrate, and therefore all of the experimental results
within a reaction series had to be solved simultaneously,
by using an iterative technique. In each case, we fitted the
quadratic equations in the least-squares sense.


DGz ¼ DGzo


1þ
DGo


f ;ONSþ � DGo
f ;S þ 44 400En � 254 000


4DG
z
o


 !2


(10)


The experimental measurements of Table 1 have been
divided into two separate reaction series, based upon the
nature of the substrate. The first series included only
those substrates whose substituents operate through
electronic (inductive) effects; this series includes the
bulk of the amines. The second series only contains
those compounds whose substituents are considerably
p electron withdrawing, in addition to being s with-
drawing. This second series contains the substrates
4-cyano-1-naphthylamine, 4-nitro-1-naphthylamine,
p-nitroaniline, p-sulphamidoaniline and p-sulphoaniline.
Note that m-nitroaniline was considered as an electronic
effect substrate, due to the nitro group being positioned in
the deactivating meta position. The above division was
made because p electron withdrawing substituents are
capable of inducing mechanistic change on the current
reaction series, through resonance interaction with the p
donating amino group. Such mechanistic change is often
witnessed as LFER deviations.31 By dividing all of the
tested substrates into two reaction series, we are able to


examine whether or not there is, in fact, any significant
mechanistic change between the two series of reactants.


The intrinsic barrier to reaction has been determined
for both reaction series, by performing the analysis of
the experimental results according to the solution
technique described above. For the electronic effect
aniline derivatives, the intrinsic barrier was determined as
10� 1.5 kJmol�1. The quoted error was calculated as the
average difference between the experimental and the
predicted DGz values. The determined intrinsic barrier
represents a relatively small contribution to the overall
barrier to reaction, indicating that the main impedance to
the rate of nitrosation is thermodynamic, and does not
significantly depend upon the intrinsic reactivity of the
system. According to the theory of non-perfect synchro-
nisation, the magnitude of the intrinsic barrier suggests
that the reaction follows a concerted pathway, with a
transition state that is synchronously balanced between
reactants and products.31a,32 Intrinsic barriers were
determined individually for each of the resonan-
ce-stabilised substrates, and it was found that the
intrinsic barriers for nitrosation of p-sulphamidoaniline
and p-sulphoaniline were lower than those for
4-nitro-1-naphthylamine and p-nitroaniline, yet still
higher than that of the electronic effect substrates. When
the data for p-sulphamidoaniline and p-sulphoaniline
were solved simultaneously, an intrinsic barrier of
13� 0.9 kJmol�1 was obtained, while for the other
resonance-stabilised aniline derivates a barrier of
19� 1.0 kJmol�1 was found. We believe that this result
indicates incomplete resonance development for
p-sulphamidoaniline and p-sulphoaniline, due to their
mildly p electron withdrawing substituents. Sub-
sequently, we will consider these two substrates
individually in further analysis. The intrinsic barrier
for the resonance-stabilised aniline derivatives of
19 kJmol�1 is considerably larger than that determined
for the electronic-effect anilines. According to the theory
of non-perfect synchronisation, a less concerted pathway
is expected for the resonance-stabilised aniline deriva-
tives than with the electronic effect derivatives. However,
one should remember that 19 kJmol�1 is still not a large
intrinsic barrier when compared with many other organic
reaction mechanisms. A sample plot of the Marcus
equation for the nitrosation of aniline, using the intrinsic
barrier determined above, is shown in Fig. 3. This figure
demonstrates that we have largely accounted for the
departure from linearity encountered with the Leffler
equation. The free energy changes computed for each of
the reactions using the three intrinsic barriers are provided
in Table 2.


Interestingly, the Marcus equation suggests that the
free energy change for most of the nitrosation reactions
analysed is small and positive, indicating that equilibrium
would lie, in general, slightly in favour of the reactants.
This is in spite of the fact that N-nitrosation reactions of
the type studied here are known to be thermodynamically
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favoured, with the equilibrium position lying well to the
right. However, this thermodynamic driving force does
not arise from the nitrosation step itself, but from the
subsequent rapid deprotonation of the N-nitrosamine,
which effectively drives the reaction towards product
formation. This interpretation of the reaction mechanism
supports the previous conclusion that the main barrier to


reaction arises from the unfavourable thermodynamics of
the system, and not the intrinsic barrier to reaction.


The magnitude of the intrinsic barriers determined
according to curvature measurements are known to vary
substantially, depending upon the method by which they
are calculated. While global curvature methods, such as
that employed here, are more accurate than local
curvature methods, small errors in the experimental data
may still introduce significant discrepancies into the final
result.33 For example, some of the results obtained in the
literature show that intrinsic barriers determined via
curvature measurements may be significantly smaller
than the actual value of the barrier.34 The intrinsic barrier
determined here agrees reasonably well with a previous
estimate (15 kJmol�1),23 obtained by ignoring the
curvature described by the Marcus equation; this
agreement helps validates our analytical methodology.
With respect to the intrinsic barriers determined for the
resonance-stabilised substrates, it is not uncommon for
substituent variations to result in changes in the intrinsic
barrier.35 However, we do recognise that the estimate for
the resonance-stabilised barriers is less accurate than the
electronic effect barrier, as these barriers were determined
for fewer substrates.


The thermodynamic evidence presented above
(Table 2) suggests that the nitroso product with which
we are concerned is actually an unstable reaction
intermediate, similar to the Wheland adducts observed
by Hubig and Kochi.36 The similarity in energy levels
between the transition state and the reaction intermediate
indicates that, according to the Hammond postulate, they
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Figure 3. Relationship between DGo
N and DGz


N for the nitro-
sation of aniline via ONCl (*), ONBr (*), N2O3 (&), ONSCN
(&), ONI (^), ONþSC(NH2)2 (^) and ONS2O


�
3 (~). Solid line


represents a plot of the Marcus equation, featuring an
intrinsic barrier to reaction of 10 kJmol�1. The encounter
controlled experimental results of ONCl and ONBr are
excluded from the Marcus equation


Table 2. Free energy change (DGo
N, kJmol�1) for the nitrosation of aniline derivatives by various nitrosating agents, calculated


using the Marcus equation with an intrinsic barrier of 10 kJmol�1


ONCl ONBr N2O3 ONSCN ONI ONþSC(NH2)2 ONS2O
�
3


1-naphthylamine – – – 21.2 – 36.7 –
4-bromo-1-naphthylamine – – – 27.5 – 43.0 –
4-chloro-1-naphthylamine – – – 22.9 – 38.4 –
4-cyano-1-naphthylamine – 17.9 – – – – –
4-nitro-1-naphthylamine 11.0 23.0 – 37.2 – 52.7 –
7-hydroxy-1-naphthylamine – – – 20.0 – 35.5 –
Aniline – – 20.7 25.1 35.3 40.6 55.7
m-Chloroaniline – – 26.0 – – – –
m-Methoxyaniline – – – 26.9 37.1 42.4 –
m-Methylaniline – – 19.1 – – – –
m-Nitroaniline – 15.6 – – – – –
N-Methylaniline – – 16.8 21.3 – – 51.9
o-Chloroaniline – – 32.4 – – – 67.4
o-Methylaniline – – 21.3 – – – –
p-Carboxyaniline – 20.7 – 34.9 45.1 50.5 –
p-Chloroaniline – – 23.6 28.0 38.2 43.5 58.6
p-Methoxyaniline – – – 18.0 28.3 33.6 –
p-Methylaniline – – – 19.9 – 35.5 –
p-Nitroaniline 9.56 21.6 – – – – –
p-Sulphamidoaniline 17.8 29.8 – 44.0 – 59.6 –
p-Sulphoaniline – 21.6 – 35.8 – 51.3 –


An intrinsic barrier of 19 kJmol�1 was used for the resonance-stabilised aniline derivatives and a barrier of 13 kJmol�1 was used for p-sulphamidoaniline
and p-sulphoaniline.
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would also lie close together on the reaction coordinate.
This conclusion agrees with the previous result derived
from the Leffler equation, in which we assigned the
transition state an ON—X bond order of 0.83. It follows
that the nitrosation reaction intermediates are close in
both energy and structure (bond order) to the transition
state. However, for the resonance-stabilised aniline
derivatives, the greater intrinsic barrier yields higher
energy transition states, with the Hammond postulate
subsequently predicting somewhat less product-like bond
orders. This effect is in addition to the generally larger
thermodynamic barriers for the resonance-stabilised
substrates, resulting from the higher overall electro-
n-withdrawing ability of these substrates, as indicated by
their respective pKa values.


Brønsted relationships and other LFER


As mentioned in the introduction, many groups of
researchers have developed relationship via Brønsted
plots between lnkN and pKa for a range of nitrosation
reactions. According to the Leffler equation, lnkN shows
an almost linear relationship with DGo


N for nitrosation
reactions, which leads us to postulate that the linearity
between lnkN and pKa is actually a result of a linear
relationship between DGo


N and pKa.
23 We will now


expand upon this observation.
A change of substrate in our nitrosation reaction affects


the free energy change of the reaction through the term
(DGo


f ;ONSþ �DGo
f ;S), which we can calculate from the free


energy data, obtained from application of the Marcus
equation (tabulated in the supplementary material). The
free energy of formation of the species ONSþ can be
described as the sum of the free energies of formation of
the species ONþ and S, and the free energy of formation
of the ON—Sþ bond. Mathematically, this is represented
by Eqn (11), where DGo


f ;ON��Sþ represents the free energy
of formation of the ON—Sþ bond only. All reported bond
energies in this study refer to relaxed bond energies,
which are sometimes termed interaction energies. The
relaxed bond energy is the sum of the rigid bond energy
and the relaxation energy. The relaxation energy is the
energy change arising from geometry relaxation follow-
ing bond cleavage.


DGo
f ;ONSþ ¼ DGo


f ;S þ DGo
f ;ONþ þ DGo


f ;ON��Sþ (11)


Subtracting DGo
f ;S from both sides of Eqn (11):


DGo
f ;ONSþ � DGo


f ;S ¼ DGo
f ;ONþ þ DGo


f ;ON�Sþ (12)


The basicity, or pKa, of a substrate is defined with
respect to the free energies of formation of two species, as
illustrated in Eqn (13). As for the above, we may express
the free energy of formation of SHþ as the sum of the free
energies of formation of S, Hþ (which is equal to zero)


and the S—Hþ bond, as shown in Eqn (14).


� 2:30RTpKa ¼ DGo
f ;SHþ � DGo


f ;S (13)


DGo
f ;SHþ ¼ DGo


f ;S þ DGo
f ;Hþ þ DGo


f ;S��Hþ (14)


Equating Eqns (13) and (14), and setting the free
energy of formation of Hþ to zero, we obtain Eqn (15).
This reveals that pKa is proportional to the free energy of
formation of the S—Hþ bond.


DGo
f ;S��Hþ ¼ �2:30RTpKa (15)


We now propose that the Brønsted relationships often
observed during nitrosation reactions arise due to a linear
relationship between the free energy of formation of the
ON—Sþ bond, and that of the S—Hþ bond. This
relationship compares two thermodynamic parameters, as
opposed to the usual method of constructing Brønsted
plots for nitrosation reactions, where kinetic parameters
from one reaction series are compared to thermodynamic
parameters from another. Our proposed relationship is
presented in Eqn (16). The relationship derived above for
the free energy of formation of the ON—Sþ bond has
been substituted into Eqn (16) to yield Eqn (17).


DGo
f ;ON��Sþ ¼ bðDGo


f ;S��HþÞ (16)


DGo
f ;ONSþ � DGo


f ;S ¼ bðDGo
f ;S��HþÞ þ DGo


f ;ONþ (17)


The relationship represented by Eqn (17) is plotted in
Fig. 4 for the transfer of the nitroso group to various
aniline-derived substrates. Here, DGo


f ;SHþ has been
calculated according to Eqn (15). The substrates have
been divided into four classes: the electronic effect
anilines, the electronic effect naphthylamines, the
resonance-stabilised anilines (including naphthylamines)
and p-sulphamidoaniline and p-sulphoaniline. For the
electronic effect aniline substrates, we observe a good
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Figure 4. Relationship between nitroso species free energy
and protonated amine free energy for a range of electronic
effect anilines (*), electronic effect naphthylamines (*),
resonance-stabilised anilines (&) and p-sulphoaniline and
p-sulphamidoaniline (&)
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linear relationship, with a slope of 1.06 and intercept of
224 kJmol�1. The resemblance of the slope to unity
indicates that, for the substrates tested, the ON—Sþ bond
is thermodynamically similar to the corresponding
S—Hþ bond. Furthermore, a slope of near-unity
indicates that the slope arising from a Brønsted plot
of lnkN versus pKa will be almost equivalent to that from a
Leffler plot of DGo versus DGz


N, for the nitrosation of the
electronic-effect aniline derivatives. This result validates
the use of Brønsted plots as indicators of aON—S for
aniline nitrosation, though this approach would not
necessarily be suitable for nitrosation of aniline
derivatives substituted with p withdrawing groups, or
with an extra aromatic ring. For the naphthylamine
derivatives, we also observe a linear relationship, though
with a slope of 1.18 and intercept of 220 kJmol�1. The
remaining two groups did not fit either linear relationship.
According to the intercepts of the linear relationships
shown in Fig. 4, our model has predicted that the free
energy of formation of ONþ is equal to between 224 and
220 kJmol�1. This value compares well with the
experimental value of 227 kJmol�1, which is deduced
from the equilibrium constant for ONþ formation
measured by Becker et al.37


The equilibrium constant for NOþ formation, in
aqueous media, has been a point of considerable
uncertainty. This equilibrium constant is relevant to acid
catalysed nitrosation, where it has been argued that NOþ


is the effective nitrosating agent. Utilising the free
energy of formation of NOþ determined here, and
published values38 for HNO2 (�55.649 kJmol�1)
and H2O (�237.129 kJmol�1), we have evaluated the
equilibrium constant for NOþ formation as between
3.6� 10�8 and 1.8� 10�7M�1. Comparatively, Becker
et al.37 measured this equilibrium constant to be
1.2� 10�8M�1. Clearly, small changes in the free energy
of formation of NOþ have a dramatic effect on the
equilibrium constant for NOþ formation, due to the large
absolute values of the free energies of formation of water
and NOþ, and their relatively small summation. Other
predictions for the equilibrium constant of aqueous NOþ


formation range from 3.0� 10�5 to 7.8� 10�9 (cited on
page 6 of Ref. [13]).


The correlation observed in Fig. 4 suggests that nitroso
group transfer to aniline derivatives occurs according to a
charge-transfer controlled mechanism. However, this
conflicts with the fact that the nitroso group is a soft acid,
and as such should participate in mainly covalent bonding
through frontier-controlled reactions. As such, we can
conclude that the observed correlation in Fig. 4 is not
actually a direct result of a charge-transfer controlled
mechanism, but arises out of the resemblance of the
property pKa with En, over the narrow range of closely
related substrates. This interpretation also accounts for
the varied results of other researchers, who have only
observed good linear Brønsted relationships for nitrosa-
tion reactions within narrow classes of related com-


pounds. Edwards,39 who first introduced the property En


as a measure of nucleophilicity, noted that En contained
some contribution from pKa. Leffler and Grunwald


40 have
also noted that some resemblance between pKa and more
traditional measures of nucleophilicity may arise when
studying narrow series of related compounds. During a
study of the methylation of 91 amines, Bunting et al.41


observed that accurate Brønsted correlations could only
be formulated if the amines were divided into a series of
closely related structural classes. Importantly, this study,
like ours, was concerned with substitution at a soft
electrophilic centre, that is, a saturated carbon atom.


Considering the above, it may be concluded that nitroso
group transfer does in fact take place according to a
frontier-controlled mechanism, although apparent
Brønsted relationships may exist within certain series
of closely related compounds. For example, Brønsted
relationships have been observed within reaction series
consisting solely of primary amines, of secondary amines
and of phenolate ions,6b,d but not for broader ranges of
nucleophilic species.8 Even in the present case, the linear
correlation coefficient may be improved somewhat by
narrowing the reaction series, and plotting only either
the meta or para derivatives. Furthermore, the naphthy-
lamine substrates obey an alternate linear relationship,
while those substrates featuring p electron withdrawing
substituents obey no clear relationship at all. This
indicates that any major change in the electronic structure
of the amino group (and not just its remote substituents)
causes the Brønsted relationship to fail. Considering this,
one should be careful not to place too much significance
in the slope of Brønsted correlations arising from
nitrosation reactions, as they hold little mechanistic
significance. For example, one should not use them as
indicators of bond order for the generation of More
O’Ferrall–Jencks diagrams, unless one knows the
fundamental relationship between the free energy of
formation of the ON—Sþ bond and that of the S—Hþ


bond, as shown in Fig. 4.
As noted, nitroso reactivity should, in theory, correlate


better with parameters of nucleophilicity than with
basicity. Radhakrishnamurti and Panigrahi42 reported
both Swain and Scott (n) and Edwards (En) nucleophilic
parameters for certain aromatic amines in nitrobenze-
ne–ethanol mixtures, which we may now use to correlate
with the computed values of (DGo


f ;ONSþ �DGo
f ;S). The


relevant nucleophilic constants are listed in Table 3, along
with the basicity of each amine. Included in the table are n
values calculated from the relationship of Korzhova
et al.,43 using their kinetic data for reaction with
1,3-diphenylpropynone in ethyl and tert-butyl alcohols.
Both sets of n values have been plotted against
(DGo


f ;ONSþ �DGo
f ;S) in Fig. 5, and good linear relation-


ships are observed, similar to those obtained with pKa.
The two relationships do, however, possess different
slopes, reflecting the two methods used to derive the
different sets of nucleophilic parameters and the effects of
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the different solvents in which the reactions were carried
out. When the reported En values are plotted against
(DGo


f ;ONSþ �DGo
f ;S) as in Fig. 6, a slightly better linear


relationship is obtained than the corresponding plot
with pKa (an R


2 value of 0.967, compared to 0.943 for the
Brønsted plot). This supports our conclusion that the
correlation between nitroso reactivity and basicity does
not arise from the intrinsic reactivity of the system, but
merely from the ability of basicity to mimic nucleophi-
licity, within a series of related compounds. However, the
relationships featuring Swain and Scott nucleophilicity
parameters do not improve upon the correlation
coefficient of the Brønsted relationship, possibly due to
inclusion of basicity effects in these parameters, and the
effects of the non-aqueous solvents. Also included in
Fig. 6 is a plot of Eqn (3), the relationship of da Silva
et al.14 relating the thermodynamics of nitroso transfer to
En. The experimental results exhibit reasonable agree-
ment with the thermodynamic relationship, though there
is some difference in slope. We believe this difference
largely arises from the systematic errors in the reported En


values, as observed in Fig. 5. Significantly, however, the
relationship of Eqn (3) would lie somewhere between the
slopes of the two linear relationships depicted in Fig. 5.


Transition state and free energy
profile analysis


Free energy profiles can be generated using the free
energy data obtained via application of the Marcus
equation, along with the known experimental free
energies of activation. These free energy profiles show
the relative free energies of the reaction products and
reactants, and the position of the transition state. Free
energy profiles have been created for the reaction of
aniline with nitrosyl thiocyanate, using the free energy
value provided in Table 2. The position of the transition
state along the reaction coordinate (interpreted here as
bond order, n) can be located in one of several ways. First,
we could adopt a value of nT¼ 0.83, as calculated earlier
from the Leffler equation. However, this value only takes
into account the position of the transition state relative to
the nitrosating agent, and not the substrate, thus ignoring
any deviations from synchronicity in the transition state.
Another approach would be to attempt to quantitatively
apply the Hammond postulate, via Eqn (18).44


nT ¼ 1


2� DGo


DGz
� � (18)


Equation (18) assumes that the reactants and the
transition state, and the transition state and the products,
are linearly connected, and the transition state lies upon
the reaction coordinate at the position which minimises
the distance traversed between the reactant and product
states. For the nitrosation of aniline by nitrosyl


Table 3. Basicity (pKa), Swain and Scott nucleophilicity (n)
and Edwards nucleophilicity (En) of certain aromatic amines


pKa n En


p-Methoxyaniline 5.36 4.7943 –
p-Methylaniline 5.08 4.842; 4.5743 1.44
N-Methylaniline 4.85 4.942 1.44
m-Methylaniline 4.69 4.742; 4.5043 1.39
Aniline 4.59 4.542; 4.3443 1.32
o-Methylaniline 4.45 4.342; 4.3243 1.27
m-Methoxyaniline 4.20 4.3343 –
p-Chloroaniline 3.98 4.142; 4.2143 1.22
m-Chloroaniline 3.46 3.942 1.15
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Figure 5. Relationships between amine nucleophilicity (n)
and nitroso species free energy of formation for a range of
aniline derivatives, using the nucleophilic data of Refs. [42]
(*) and [43] (*)
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Figure 6. Relationship between En and nitroso species free
energy of formation for a range of aniline derivatives, using
the En parameters of Ref. [42]. The dotted line represents the
relationship of Eqn (3)
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thiocyanate, Eqn (18) predicts a transition state bond
order of 0.97, which is somewhat greater than that
suggested by the Leffler equation, though still indicative
of a transition state that most resembles the reaction
products. Another approach to locating the transition
state, which again attempts to quantify the Hammond
postulate, is to describe the product and reactant energies
as harmonic parabolic wells.45 The location of the
transition state is then given by their point of intersection,
and the parabolic barrier to the two wells may be taken as
the free energy profile at the transition state. This profile
will not describe the correct shape of the potential energy
surface at either the reactant or the product states, but it
will provide an accurate description around the transition
state, which is the area of interest. In particular, this
description will be more realistic than the linear profile
assumed by Eqn (18). We have also calculated the
free energy profile across the entire reaction using an
average of the product and reactant free energy wells and
the transition state free energy profile, linearly weighted
according to the position along the reaction coordinate
(i.e., using switching functions). At the transition state,
the parabola describing the transition state free energy is
given a weighting of one and the product and reactant
parabolas are given a weighting of zero. These weightings
are reversed at the product and reactant states.


Figure 7 shows a free energy profile for the reaction of
aniline with nitrosyl thiocyanate, where we have
arbitrarily assigned the free energy of the reactants to
zero. The reactant and product energies have been
described using harmonic wells, and are found to intersect
at nT¼ 0.86; this value agrees well with that predicted
from the Leffler equation. It can be seen from the free
energy profile that the reaction products are of relatively


high energy, and the transition state is product-like. As a
consequence of the low intrinsic barrier to reaction, the
greatest impedance to reaction arises from the large
thermodynamic barrier that must be traversed. In
comparison, a free energy profile for the reaction of
4-nitro-1-naphthylamine with nitrosyl thiocyanate has
also been constructed (Fig. 8), using an intrinsic barrier
of 19 kJmol�1, and the predicted DGo


N value of
37.2 kJmol�1. The bond order of the transition state
was estimated to be 0.89 by Eqn (18), and 0.74 by the
theory of intersecting harmonic parabolic wells. In this
case, both the intrinsic barrier to reaction and the
thermodynamic barrier to reaction are greater than those
for aniline nitrosation, thus explaining the reduced rate of
nitrosation.


The amino group is p electron donating, because of its
lone pair of electrons. In aniline (and its electronic-effect
derivatives), there is some resonance donation through
the aromatic ring, but the lone pair of electrons remains
essentially intact (for a detailed discussion of the
theoretical underpinnings of substituent effects in anilines
and benzenes, see Ref. 46). Consequently, N-nitrosation
would not involve significant resonance stabilisation in
the diazo bond, only formation of a s covalent bond.
Because electron transfer and covalent s bond formation
are much more rapid processes than resonance stabilis-
ation and charge delocalisation,47 formation of the
ON—S bond occurs quickly, and at about the same
rate as cleavage of the ON—X bond. This explains the
relatively low intrinsic barrier to reaction.


For the resonance-stabilised aniline derivatives, the p
donating amino group can undergo interaction with the p
withdrawing substituent (e.g. the nitro group), through the
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Figure 7. Free energy profile for the nitrosation of aniline by
nitrosyl thiocyanate. Dotted lines represent harmonic para-
bolic wells situated at reactant and product free energies
(reactant arbitrarily assigned to zero free energy). Dashed
line represents the free energy profile at the transition state,
calculated as the parabolic barrier to the two harmonic wells.
The transition state is located at the intersection of the two
harmonic wells
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Figure 8. Free energy profile for the nitrosation of
4-nitro-1-naphthylamine by nitrosyl thiocyanate. Dotted
lines represent harmonic parabolic wells situated at reactant
and product free energies (reactant arbitrarily assigned to
zero free energy). Dashed line represents the free energy
profile at the transition state, calculated as the parabolic
barrier to the two harmonic wells. The transition state is
located at the intersection of the two harmonic wells
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aromatic ring. Subsequently, delocalisation of the amino
group lone pair into the aromatic ring occurs. Structurally,
a double Ph —— NH2 bond is formed, while the structure of
the amine group transforms from a pyramidal to a planar
geometry. By removing the lone pair the reactive site on
the amine group is altered (both electronically and
structurally), slowing the reaction rate by increasing the
intrinsic barrier to reaction. In the case of lone pair
delocalisation, one would expect no appreciable change
in the rate of ON—X cleavage, thus resulting in a less
synchronous reaction pathway than that observed for
nitrosation of the electronic-effect derivatives. Further-
more, the amino group rearranges from a planar geometry
in the reactant to a pyramidal geometry in the produced
nitrosamine, providing a further energy barrier for the
transition state to traverse.


The free energy data calculated according to the
Marcus equation (Table 2) can also be used to estimate the
structure (i.e. bond order) of the transition state with
respect to the substrate, aON—S. According to Eqn (6),
this requires a plot of DGo


N versus DGz
N for the


nitrosation of a range of substrates by one particular
nitrosating agent. Plots of DGo


N versus DGz
N have been


made for the nitrosating agents N2O3, ONI, ONSCN
and ONþSC ONþSC(NH2)2, and respective slopes of
0.79, 0.81, 0.93 and 0.88 were obtained, yielding an
average slope of 0.85. The plots of DGo


N versus DGz
N are


included as supplementary material, showing that
accurate linear relationships were obtained in all cases.
The aON—S value calculated here may be used along with
the earlier calculated aON—X value to build a More
O’Ferrall–Jencks diagram.48 This diagram is shown in
Fig. 9, where nON—X has been used to designate the order


of the cleaving ON—X bond, and nON—S to designate
the order of the forming ON—S bond. The More
O’Ferrall–Jencks plot illustrates that the transition state is
synchronously well balanced, and that a concerted
reaction mechanism is followed. In Fig. 9, the transition
state bond order with respect to both the substrate and
nitrosating agent is 0.84, compared to the intersecting
parabolic wells prediction of 0.86.


We have also attempted to create a More O’Ferrall–
Jencks diagram for the nitrosation of the resonan-
ce-stabilised aniline derivatives, to compare with that
for the other aniline compounds. However, this task was
made difficult by the lack of experimental data for this
reaction series. Initially, a value for aON—X was estimated
from the plot of lnkN against En for the nitrosation of
4-nitro-1-naphthylamine by a range of nitrosating agents
(supplementary material). A slope of�13.1 was obtained,
providing an aON—X value of 0.74. This value is, as
expected, relatively similar to that found for nitrosation of
the electronic-effect aniline compounds. To estimate
aON—S we must compare nitrosation measurements
across a range of substrates, however, such measurements
only exist for nitrosation via nitrosyl bromide. Con-
sequently, a less accurate estimate of aON—S is made,
compared to the electronic-effect substrates. A plot was
made between DGo


N and DGz
N for nitrosation of the


substrates by ONBr (see supplementary material), and a
resultant slope of 0.50 was obtained. The overall
transition-state bond order is thus predicted as 0.66,
compared to a prediction of 0.74 from the intersecting
parabolic wells. For interest sake, an evaluation of aON—S


for p-sulphamidoaniline and p-sulphoaniline results in a
value of 0.82, which lies between the respective


nON-X


n O
N


-S


‡


ONX + S                                                                  ON+ + X- + S


X-ON-S                                                                        ONS+ + X-


‡


(A) (B)


Figure 9. More O’Ferrall–Jencks diagram for (A) electroni-
c-effect aniline nitrosation and (B) resonance-stabilised
aniline nitrosation. Solid lines represent the actual reaction
pathways, where the solid circles indicate the positions of the
transition states. The dashed line represents the hypothetical
pathway for the pure concerted reaction


Figure 10. Optimum reaction pathway through the free
energy surface for (A) the nitrosation of aniline and
(B) the nitrosation of 4-nitro-1-naphthylamine by nitrosyl
thiocyanate
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electronic-effect and resonance-stabilised values, sup-
porting our earlier conclusion that only a weak resonance
effect is active for these two substrates.


Figure 9 shows the More O’Ferrall–Jencks diagram
resulting from the determined values of aON—X and
aON—S for resonance-stabilised and electronic-effect
aniline nitrosation. This figure confirms that the transition
state for resonance-stabilised aniline nitrosation is less
synchronous than that for general aniline nitrosation, and
that the transition state occurs earlier along the reaction
coordinate.


From the free energy profiles and the More O’Ferrall–
Jencks diagrams we obtain both the reaction path between
reactants and products and the free energy at each point
along this path. Combining these two sets of information,
we can generate three-dimensional plots depicting the
optimal reaction path on the free energy surface.
Figure 10 shows the reaction paths for the nitrosation
of aniline and 4-nitro-1-naphthylamine by nitrosyl
thiocyanate, arrived at by combining Fig. 9 with
Figs. 7 and 8, respectively. Figure 10 illustrates the
relationship between the increasing thermodynamic and
intrinsic barriers, and the loss of synchronicity in the
transition state. According to the preceding analyses, the
general mechanism being followed during electroni-
c-effect aniline nitrosation is depicted in Fig. 11.


CONCLUSIONS


We have undertaken a comprehensive study of nitroso
transfer to a wide range of aniline derivatives, with the
findings summarised as follows:


(1) The Marcus equation has been used to correlate the
free energy change for nitrosation with the free
energy of activation. The quadratic form of the
Marcus equation accounts for departures from line-
arity witnessed using the Leffler equation. From a
simultaneous iterative solution of the resultant cor-
relation, an intrinsic barrier to reaction of 10 kJmol�1


was calculated. This value indicates that nitroso
reactivity is limited mostly by thermodynamics,
not the intrinsic reactivity of the system. For the
nitrosation of resonance-stabilised aniline deriva-


tives, an increased intrinsic barrier of 19 kJmol�1


was estimated.
(2) A linear relationship has been developed


between lnkN and En according to the Leffler
equation, which has proven to hold for nitrosation
by all but the least reactive (least electrophilic)
nitrosating agents. The slope of the relationship
indicates that the transition state species in nitrosation
reactions of this type largely resembles the reaction
products.


(3) A linear relationship was demonstrated between the
free energies of formation of nitrosamines and their
corresponding protonated amines. This relationship
mirrors the so-called Brønsted relationships, which
are generally taken to indicate the existence of char-
ge-transfer controlled reactions. However, this is not
the case with the present result, where the observed
relationship merely arises out of the similarity of the
amines examined. Nitroso reactivity was found to
correlate better with the nucleophilic parameters of
Swain and Scott, and Edwards.


(4) Nitrosation of aniline and its derivatives was shown to
proceed via a concerted mechanism, with a synchro-
nously well-balanced transition state, by way of a
More O’Ferrall–Jencks diagram. This finding agrees
with the relatively low intrinsic barrier to reaction
determined through the Marcus equation. However,
for the nitrosation of resonance-stabilised derivatives,
the larger intrinsic barrier resulted in a less synchro-
nous transition state, where formation of the ON—S
bond was slow in comparison to cleavage of the
ON—X bond. We attributed this to significant reson-
ance stabilisation induced by interaction of the p
accepting substituent with the aromatic ring, thus
isolating a p electron on the amino group.


SUPPLEMENTARY MATERIAL


Table of calculated values of (DGo
f ;ONSþ �DGo


f ;S)
(kJmol�1) for a range of aniline derivatives. Plot of
DGo


N versus DGz
N for the nitrosation of electronic-effect


aniline derivatives by the nitrosating agents dinitrogen
trioxide, nitrosyl iodide, nitrosyl thiocyanate and


NH2 O N X NH2


N
+


O


X NH


N
O


X H
+


NH2


N
O


X


+ + + +


‡


Figure 11. Schematic representation of the reaction mechanism for aniline nitrosation by a general nitrosating agent (ONX)
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S-nitrosothiourea. Plot of lnkN against En for the
nitrosation of 4-nitro-1-naphthylamine by a range of
nitrosating agents. Plot of DGo


N versus DGN for the
nitrosation of resonance-stabilised aniline derivatives by
the nitrosating agent nitrosyl bromide.
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P) data treatment is a broadly used procedure correlating the reaction
of substituent constants, inductive (sI) and resonance (sR). It was here


revised using themost extensive sets of experimental reactivities available in the literature and two sets of reaction energies
calculated at the level B3LYP/6-311þG(d,p): acidities of 4-substituted benzoic acids and 5-(E)-substituted penta-2,4-
diene-(E)-acids with 19 or 15 common substituents. The latter two series enabled us to investigate the substituent effects
more systematically than it was ever possiblewith the experimental data; this means in particular separate treatment of the
undissociated acid molecules and of their anions, further separation of donor and acceptor substituents. In addition, the
standard statistical treatment was improved when testing the significance of the resonance term.
The DSP treatment is not valid generally, this applies both to the standard reference series and to the series commonly
investigated. At best, DSP may be considered to hold for donor substituents but the effects of acceptors are much less
variable and do not depend on the constants sR nor on any other measure of resonance. The small efficiency of acceptor
substituents is due by the fact that the constant functional group (COOH in the standard series) is itself an acceptor. A
correct treatment would be to investigate the donor and acceptor substituents separately, donors with an acceptor
functional groups, and vice versa; substituents with weak resonance effect should be not included. The popularity and
apparent success of the DSP treatment can be attributed to several grounds, most important has been the unbalanced choice
of substituents. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.interscience.wiley.com/
jpages/0894-3230/suppmat
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INTRODUCTION


The most popular theory of substituent effects, the dual
substituent parameter (DSP) treatment,1–5 assumes that
each substituent can be characterized by two independent
parameters, the inductive constant sI and resonance
constant sR. A physical property Y of a substituted
compound can then be related to the property Y8 of the
unsubstituted compound by means of Eqn (1). The values
of sI and sR have been estimated by rather sophisticated
procedures from model reactions;1–3 once determined
they are treated as constants. The proportionality
constants rI and rR are obtained from multiple linear
regression.


Y � Yo ¼ rIsI þ rRsR (1)

to: S. Böhm, Department of Organic Chemistry,
ical Technology, 166 28 Praha 6, Czech Republic.
scht.cz


7 John Wiley & Sons, Ltd.

In practice, Ywasmost often the reaction Gibbs energy,
usually the values of pK or logkwere used directly. Of the
physical properties, most attention was given to the NMR
shifts of 13C6 and 19F.2 The popularity of the approach
may be seen from the number of citations of the
fundamental papers,1,3 840 and 620, respectively, but the
number of actual applications is certainly several times
greater.


The fundamental assumption in Eqn (1) is the
proportionality of substituent effects:7 When one sub-
stituent acts in a reaction more strongly than another, this
must be valid for any other reaction, separately in the term
with sI and with sR. However, it has been known for a
long time that for many reactions the resonance of some
substituents (either donors or acceptors) was not
proportional. The problem was formally solved1–4 by
means of alternative sets of constants sR (dual resonance
constants), differentiated by a superscript: sR8, sBzR , sþR , or
s�R . These sets were chosen in the individual reactions
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according to the strength of resonance as the case might
be. This arbitrariness was seen as an extension of the DSP
principle1–4 but it is merely its breakdown;8 a possible
alternative is extending Eqn (1) with an additional term.9


In this paper, we shall deal with the simple Eqn (1) with
customary constants sR.


Further objections against the DSP theory were made
from the point of view of general statistics:10 Significance
of the second term was rarely statistically proven and the
regression coefficients rI and rR were strongly mutually
dependent. More specifically, the sR values of acceptor
substituents were always small and possibly should be
equal to zero.11 This problem was discussed heavily but
an agreement was not reached.12–13 Important contri-
butions were obtained recently from quantum-chemically
calculated reaction energies using the principle of
isodesmic14 (and also homodesmic15) reactions. In this
way interaction energy of both charged and uncharged
groups can be determined; in the case of acidobasic
reactions one can investigate separately the substituent
effect in the ion and in the uncharged molecule of the acid
or base.14 In addition, more systematic data can be
obtained than available from the experiments in solution.
Numerous results16–19 confirmed that the inductive effect
is proportional in various reactions and even with various
physical properties; 2,20 it is expressed simply by the first
term of Eqn (1) in all cases when at least one of the
interacting groups is charged or strongly polar.


On the other hand, proportionality of the resonance
effect has never been proven and there are grounds to
believe that it is only a very rough approximation if it
exists at all. A model recently suggested referred to
1,4-disubstituted butadienes 1 with the sp conformation
on the central bond. The reaction energy D2E of the
isodesmic reaction, Eqn (2) was negative and pro-
portional when X was a donor group and Yan acceptor. 21


X X Y+ Y +
1


(2)


However, when X and Y were two donors or two
acceptors, their interaction was destabilizing and not
proportional for various groups. Therefore, it was
possible to create a scale of the donor ability and another
scale of the acceptor ability, but not a uniform scale for all
groups. Similar results were obtained 21 also for the
reaction energy D3E of Eqn (3) but this equation was
considered to be less suitable due to crossed conjugation.
Note that evaluation of the resonance ability made on a
different principle leads also to incoherent scales.22


+ +X YYX (3)


At present DSP treatment seems to be generally
accepted since the latest reviews of the correlation
analysis23 do not give particular attention to it. In our
opinion, however, it is necessary to enlighten the evident
discrepancy between our new results21,22 and commonly

Copyright # 2007 John Wiley & Sons, Ltd.

acknowledged DSP. The main problem might be in the
charges. Previous investigation of butadiene derivatives21


1 was restricted to uncharged groups X and Y,21 while the
DSP theory has dealt mostly with the acidobasic
properties; very important was dissociation of
4-substituted benzoic acids 2, Eqn (4), used even for
the definition1–3 of constants sR.


4-X-C6H4COOH + C6H5COO− 4-X-C6H4COO− + C6H5COOH


2    3


(4)


To bridge over the inconsistency between the two
concepts, we investigated sets of charged molecules
containing the standard group COOH. Reaction energies
of the reaction of Eqn (4), most important in the DSP
analysis, were obtained within the framework of the
density functional theory24 (DFT) at the level well-tried in
the previous work.18,19,25 Calculations enabled us to
include more substituents than in the experimental
work,3,4 particular attention was given to some uncom-
mon substituents. For this purpose it was essential that
this theoretical model yielded good agreement with the
gas-phase experiments in the case of benzoic acids and
common substituents.25 We were not engaged in the
question whether another model (MP2) is not more
effective for compounds of this type; this was partly dealt
with on another place.26,27 Further progress was expected
from dividing the energy D4E of Eqn (4) into two parts:
energy D5E expressing the substituent effect in the
undissociated acid, Eqn (5), andD6E expressing the effect
in the anion, Eqn (6). This separation was used several
times25 and yielded important information about the
nature of substituent effects.18,25–28


C6H5COOH + X-C6H5 4-X-C6H4COOH + C6H6 (5)


C6H5COO− + X-C6H5  4-X-C6H4COO− + C6H6 (6)


Last but not least, the common statistical treatment as
defined by Eqn (1),1,3 was extended with particular
attention to the second, resonance term in Eqn (1) and its
statistical significance. In addition to the benzene
derivatives, Eqns (4)–(6), we investigated in the same
way butadiene derivatives 4; that is, their acidities,
defined by Eqn (7) and separation of the substituent
effects, Eqns (8) and (9).


X COOH COOX -+ COO- COOH+


4 5


(7)


X COOHX+ COOH +


(8)


X COOX -+ COO- +
(9)
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All the results were consistent. The most important
improvement appeared to be the extended number of
substituents with sufficiently represented acceptor
groups.

RESULTS AND DISCUSSION


DSP treatment of the acidity of benzoic acids


Of the two systems investigated here, the acidities of
4-substituted benzoic acids 2, Eqn (4), will be analyzed in
all details since they represent the classic reaction, many
times used as the basis reference. The second system,
5-substituted pentadienoic acids 4, Eqn (7), yielded very
similar results and will be treated in briefly subsequently.


The DFT-calculated relative acidities D4E8 of 2 are
listed in table 1, column 2. They will be treated by the
traditional DSP correlation as if they would be results of
any experiment. This approach is justified since close
correlation of calculated and experimental gas-phase
acidities29 was proved.4,25,26 From many reported scales
of the constants sI and sR those of Charton3 were used,
probably the most reliable of the available values. The
DSP correlation so obtained is quite satisfactorily
according to simple statistics (Table 2, entry 1). It is
very similar to the reported4 correlation of experimental
D4 G8(298)g of the same reaction, Eqn (4), reproduced in
Table 2, entry 2. Nevertheless, there is a difference in the
regression coefficients rR suggesting that this value may
be sensitive to the selection of substituents.


According to the common view, these two DSP
correlations are successful; in the standard scale30 the fit
would be evaluated as ‘satisfactory’ or ‘excellent’,

Table 1. DFT-calculated reaction energies of the isodesmic reac


Substituent Equation (4) Equation (5) Equation


CH3 5.51 �2.47 3.04
CH2Cl �18.3 1.82 �16.48
NH2 18.52 �10.29 8.23
N(CH3)2 22.63 �12.62 10.01
OH 4.40 �5.43 �1.03
OCH3 8.57 �6.15 2.42
SH �7.35 �2.75 �10.10
F �13.60 0.02 �13.58
Cl �19.73 1.35 �18.38
H 0 0 0
CN �46.72 6.58 �40.14
CHO �36.17 6.17 �30.00
COOH �28.71 5.21 �23.50
COOCH3 �22.75 4.33 �18.42
CF3 �35.95 6.01 �29.94
CCl3 �34.48 4.48 �30.02
NO2 �54.49 8.61 �45.88
SO2CH3 �45.94 7.43 �38.51
SO2CF3 �65.05 10.21 �54.84


Copyright # 2007 John Wiley & Sons, Ltd.

respectively. Of course, this result was expected since
the constants sR were derived3 just from the reaction Eqn
(4) (in water solution); proportionality of the calculated
acidities and gas-phase experiments was proven25 and
proportionality of gas-phase and water acidities is well
known.29 In the following, more detailed analysis leads to
different conclusions, it is because it exceeded the
customary treatment in three points:

1. T

tion


(6)

he substituents effects were divided into the effects
D5E operating in the undissociated acids, Eqn (5), and
D6E operating in the anions, Eqn (6).

2. T

he selection of substituents was broader and more
systematic than in common experimental studies; the
number of acceptor substituents was equal to the
number of donors.

3. T

he commonly used statistics were completed by
testing the significance of the second, resonance term:
standard F-test and special graphic test shown later.


The F-test itself did not reveal any shortcoming: the sR
term was significant at the very high significance level as
it is seldom encountered in chemical applications
(Table 2, last column, entry 1 and further). As one of
the main problems of multiple regression it was pointed
out to the multicollinearity31 (or intercorrelation9a), that is
mutual statistical dependence of the explanatory vari-
ables. This is no problem here since there is no correlation
of sR with sI (Table 2, entry 3).


Division of substituent effects is presented in the
entries 6 and 9 of Table 2. As expected the effects are
opposite: the acids 2 are destabilized by electro-
n-attracting substituents while their anions 3 are
stabilized. The latter effect is several times greater and
both reinforce each other in controlling the acidity. There

s, Eqns (4)–(9) (in kJmol�1)


Equation (7) Equation (8) Equation (9)


7.45 �3.42 4.02
�19.54 1.72 �17.82
28.45 �13.58 14.87
32.92 �16.34 16.58
9.48 �6.52 2.96


�11.47 0.61 �10.86
�17.46 1.55 �15.91


0 0 0
�50.62 7.36 �43.26
�47.16 6.77 �40.39
�37.99 5.83 �32.16


�39.80 7.91 �31.89
�36.67 4.87 �31.80
�68.20 10.1 �58.1


�76.17 11.40 �64.77
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Table 2. Statistics of the correlations of reaction energies with substituent constants


Response functiona


Explana-
tory vari-
ables Regression coefficientsb Rc sc Nc ad


1 D4 E acidity sI sR �66.5 (52) �45.5 (31) 0.987 4.2 19 «0.001
2 D4 G8g exp.e sI sR �62.8 (25) �61.1 (29) 0.9972 1.7 11
3 sR sI 0.66 (38) 0.392 0.33 19
4 D4 E acidity D sI sR �57.8 (90) �41.8 (63) 0.960 4.6 10 «0.001
5 D4 E acidity A sI sR �70.3 (73) �71 (29) 0.984 3.6 10 0.05
6 D5 E acids sI sR 10.2 (10) 14.9 (6) 0.9934 0.78 19 «0.001
7 D5 E acids D sI sR 12.8 (16) 16.3 (9) 0.989 0.82 10 «0.001
8 D5 E acids A sI sR 9.3 (10) 17.7 (38) 0.953 0.47 10 0.001
9 D6 E anions sI sR �56.3 (51) �30.6 (30) 0.979 4.1 19 «0.001
10 D6 E anions D sI sR �45.0 (82) �25.5 (48) 0.932 4.2 10 <0.001
11 D6 E anions A sI sR �61.0 (69) �53 (28) 0.981 3.4 10 n.s.
12 D5 E acids D6 E


anions
�0.56 (7) 0.878 2.2 19


13 D4 G8sol exp.
f sI sR �10.1 (6) �7.25 (36) 0.9934 0.43 18 «0.001


14 D4 G8sol exp.D
f sI sR �10.8 (14) �7.81 (67) 0.973 0.48 13 «0.001


15 D4 G8sol exp.A
f sI sR �10.4 (3) �2.5 (11) 0.9991 0.14 6 n.s.


16 D7 E acidity sI sR �76.0 (69) �61.9 (43) 0.989 5.4 15 <0.001
17 D8 E acidity D sI sR �63 (10) �53.4 (60) 0.976 5.2 8 0.001
18 D9 E acidity A sI sR �74.3 (90) �122 (34) 0.989 4.1 8 0.025
19 D4 E acidity D sI sD �66.4 (74) �36.7 (39) 0.983 3.0 10 «0.001
20 D4 E acidity A sI sA �59.5 (48) �23.8 (63) 0.9957 1.9 10 0.01
21 D5 E acids D sI sD 11.3 (16) 16.7 (8) 0.993 0.66 10 «0.001
22 D5 E acids A sI sA 5.9 (13) 7.8 (18) 0.985 0.53 10 0.005
23 D6 E anions D sI sD �55.1 (64) �20.0 (34) 0.974 2.6 10 0.001
24 D6 E anions A sI sA �53.6 (40) �16.0 (53) 0.9958 1.6 10 0.025
25 logkg sI sR 0.88 (3) 0.80 (3) 0.9979 0.027 11 «0.001
26 logk Dg sI sR 0.91 (2) 0.79 (2) 0.9995 0.012 7 «0.001
27 logk Ag sI sR 0.74 (9) 1.60 (52) 0.9978 0.032 5 0.1
28 DG8h sI sR �49 (14) �63 (11) 0.940 9.3 14 «0.001
29 DG8 Dh sI sR �52.0 (63) �53.6 (50) 0.989 2.9 7 «0.001
30 DG8 Ah sI sR �43 (22) �135 (78) 0.786 12.3 8 0.05


aD denotes only donor substituents, A acceptor substituents.
b Standard deviation in parentheses.
cR, Correlation coefficient; s, standard deviation from the regression; N, number of items.
d Significance level of the second term, F-test comparing with a single-parameter equation containing only the sI term.
e Both the experiments and calculation taken from Ref. 4.
f Experimental pK in 50% (vol) ethanol taken from Ref. 3, the values of sI and sR from the same source.
g Rates of reaction of 4-substituted benzoic acids with diphenyldiazomethane in acetone were taken from Ref. 1, the values of sI and sR from the same source.
h Experimental gas-phase acidities of 4-substituted N,N-dimethylanilines, Ref. 4; the values of sI and sR from the same source.
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is no proportionality of D5E and D6E (entry 12) as
observed25 for the Hammett set of meta and para-
substituted benzoic acids; in that case it was caused
essentially by meta substituents.


Significant progress was now achieved when the
substituents were divided into donors and acceptors: the
latter appeared to be not controlled by sR. The acidities
D4E of acceptors may be still considered as dependent on
sR although with a much lower significance than the donors.
(Compare the entries 5 and 4 of Table 2.) This dependence
is due to the substituent effect in the undissociated acid
(entry 8) while the much stronger effects in the anions are
not related to the sR constants (entry 11).


The statistical tests do not allow easy survey but can be
made very objective by the following graphic repres-
entation, which was used recently19 for testing the

Copyright # 2007 John Wiley & Sons, Ltd.

multiple regressions. When the regression has been
carried out according to Eqn (1), the first term on the right
side is transferred to the left side and the values of
D4E� rI sI are plotted versus sR to show whether there is
an actual dependence on the second explanatory variable.
In other words,D4Ewas correlated step-wise, first with sI,
then with sR. This test was carried out together for all
substituents but separately for the acidities D4E (Fig. 1),
for the energies of undissociated acidsD5E (Fig. 2), and of
the anions D6E (Fig. 3). The fundamental difference
between donors and acceptors is seen in all graphs. The
donors form a sequence with conjugation varying from
strong to very weak. The acceptors form a cluster and
their substituent effects only have nothing in common
with sR. Most evident it is with the anions (Fig. 3); with
the acidity this effect is weakened (Fig. 1).
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Figure 1. DSP treatment of the relative acidities of
4-substituted benzoic acids, Eqn (4), specific test of the
resonance term: the reaction energies D4 E with the induc-
tive term subtracted have been plotted versus sR; * donor
substituents, þ acceptor substituents
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Figure 3. DSP treatment of the substituent effects in the
anions of 4-substituted benzoic acids, Eqn (6), specific test of
the resonance term: the reaction energies D6 E with the
inductive term subtracted have been plotted versus sR; *
donor substituents, þ acceptor substituents
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Let us stress that these results are not artifacts of the
quantum chemical approach nor are they restricted to the
gas-phase acidities since essentially the same results
were observed for the same reaction, Eqn (4), in solution
(50% vol. ethanol), only the selection of substituents was
poorer and less systematic.3 Failure of DSP is remarkable
since the values sR were determined just from this
reaction3 (in water). The statistics are given in Table 2,
entries 13–15. Note particularly the high correlation
coefficient for donors (entry 15), which is due exclusively
to the inductive component since the resonance is
insignificant. In light of such results it appears as a good
approximation to use the values sR¼ 0 for all accep-
tors,11a or at least in certain reactions.4 The graphical test
is very similar to Fig. 1 and is reproduced in the
Supplementary Information (Fig. S1).


The above test seems to be rather sensitive and
objective but it is only a graphical picture, not a rigorous
statistical procedure. We considered necessary to check it
on a couple of examples, partly purely synthetic, partly
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Figure 2. DSP treatment of the substituent effects in
4-substituted benzoic acids, Eqn (5), specific test of the
resonance term: the reaction energies D5 E with the induc-
tive term subtracted have been plotted versus sR; * donor
substituents, þ acceptor substituents


Copyright # 2007 John Wiley & Sons, Ltd.

resembling the actual DSP correlations as to the values of
sI and sR. It is good for testing the less important of the
two explanatory variables but can yield false results when
the dependence on the first explanatory variable is itself
very weak. We show as an example the reverse test of our
data set of D4E: In this case the dependence on sR is still
sufficient and when one assumes that it holds, one can test
the dependence on sI. One gets Fig. 4. There is no
disparity of acceptors and donors and the importance of sI
is evident. The striking difference compared to Fig. 1 is
fully convincing: while sI is significant both for donors
and acceptors, sR only for donors.

Acidity of pentadienoic acids


This second set of compounds 4 was investigated on a
smaller number of substituents (Table 1) and in less detail
since the results were essentially the same. The statistics
given in Table 2, entries 16–18, are similar to those
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Figure 4. DSP treatment of the substituent effects on the
acidity of 4-substituted benzoic acids, Eqn (4), a reverse test
of the significance of the inductive term: the reaction ener-
gies D4 E with the resonance term subtracted have been
plotted versus sI; * donor substituents, þ acceptor sub-
stituents; the dotted line is only a reference
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obtained for benzoic acids 2 (entries 1, 4, and 5). The
main difference is that all proportionality factors r are
greater (perhaps due to the crossed resonance in 2).
The most important result is the same from both series:
The resonance term is insignificant when the correlation
is restricted to acceptors (entries 18 and 5). This is seen
also in the graphical test; the pertinent graph is very
similar to Fig. 1 and is shown only in the Supporting
Information (Fig. S2). The fundamental difference
between acceptors and donors is confirmed.

σD , σA


Figure 5. Modified DSP treatment of the substituent effects
on the acidity of 4-substituted benzoic acids, Eqn (4), specific
test of the resonance term: the reaction energies D4 E with
the inductive term subtracted have been plotted versus the
actual resonance constants sD or sA; * donor substituents,
þ acceptor substituents

Better scales of resonance


The above results showed that the success of DSP is
limited because the effect of acceptor substituents is not
properly expressed by the constants sR. We tried to
improve this procedure by introducing a better scale of
resonance, Eqn (10).


D4E ¼ rIsI þ rA;DsA;D (10)


The constants sI were taken here from the gas-phase
values19 but the difference compared to standard values3


is not significant. The symbol sA,D denotes either the
constant sD for donors or sA for acceptors as the case may
be, similarly rA,D. The values of sD and sA, unbiased
measure of conjugation, were derived on the basis of Eqn
(2) when X is a donor substituent and Yan acceptor, both
uncharged.21 They are not valid universally but rather in
limiting situations: sD of a donor when it is conjugated
with an acceptor, sA of an acceptor when it is conjugated
with a (strong) donor. Interaction of two donors or of two
acceptors, or interactions of weak substituents cannot be
described in this way; acceptors and donors must be
correlated separately and the scales of sD and of sA
cannot be merged.21


Some necessary values of sD and sAwere not available
in the original work21 and were now calculated on the
basis of butadiene derivatives, Eqn (2): When Y¼NO2


one can estimate sD of various donors X, with Y¼NH2


then sA of various acceptors. They are defined21 by
Eqn (11) that includes still a correction for the inductive
component, DindE, determined from 1,4-disubstituted
bicyclo[2.2.2]octanes. The DFT-calculated energies D2E
and resulting new values of sD and sA are given in Table
S2 (Supporting Information), derivation of DindE is
described in Table S3.


D2E � 1:3 DindE ¼ 57:71sDsA þ 0:028 (11)


The results of correlation with Eqn (10) are given in
Table 2, entries 19 and 20, separate correlations of the
acid molecules and anions in the entries 21–24. At the first
sight, there is no spectacular difference compared to the
correlations with sR. Significant is the smaller depen-
dence on resonance (rA) for the acceptors because the
scale of sA is extended compared to sR. In spite of this,

Copyright # 2007 John Wiley & Sons, Ltd.

the significance level of the resonance term has only little
improved, in particular the energy of the anions depends
little on sR of acceptors (entry 24). The graphical test
presented in Fig. 5 looks at the first sight slightly better
than Fig. 1 but the great difference between donors and
acceptors persists. The tests for the acid molecules and
anions are given in Figs. S3 and S4 (Supporting
Information), particularly in the former case the
dependence on sA is poor.


We conclude that replacing the constants sR by sD and
sA produces comparable scales for donors and acceptors
but the correlations are not much improved. The main
problem is that the functional group COOH is itself an
acceptor. Wepster13b expressed the difference between
donors and acceptors by the famous words: ‘Nature has
endowed us with a variation of donors whereas the
common acceptors form a cluster-like group with less
discriminating abilities’. This is true only partly. The
variability of acceptors is certainly smaller but it has been
made still smaller when evaluated on the basis of
ionization of carboxylic acids, that is, on interaction with
another acceptor. The unbiased correlation of resonance
would need separate correlations of donor substituents
with an acceptor functional group and of acceptors with a
donor group, using preferably only uncharged functional
groups.

Re-examination of the reported DSP
correlations


This section will bring relatively little new information
since a systematic re-examination of the published data
along the lines of the preceding paragraphs is not
possible: There are very few data available with a
sufficient number of acceptor substituents. Of 36
reactions correlated by Taft1 there are 15 acidities of
4-substituted benzoic acids at various conditions; of the
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total number of 326 substituents there are only 72
acceptors. The meta series were correlated separately
with the constants sR8. The best example one could
re-investigate is from kinetics: reaction of 4-substituted
benzoic acids with diphenyldiazomethane in acetone.
With the values of logk and of constants s as they have
been given1 we got the statistics in Table 2, entries 25–27,
and Fig. 6. The dependence on sR is insignificant for the
acceptor substituents as in the preceding examples.


Of 38 para reaction series correlated by Charton,3 26
dealt with the acidity of 4-substituted benzoic acids; of all
325 substituents 66 were acceptors, of them the nitro
group appeared 36 times. The 23 meta series dealt
exclusively with the acidity of 3-substituted benzoic
acids. The most complete series was the acidity of
4-substituted benzoic acids in 50% (vol) ethanol, dealt
with in Fig. S1 (Supporting Information).


Some good series of data are available among the
gas-phase acidities and basicities.4 The correlations
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were extended by inserting a third term into Eqn (1)
but this appeared in many cases to be insignificant.
We re-investigated the basicity of 4-substituted
N,N-dimethylanilines using the special constants sI and
sR designed for the gas-phase (Fig. 7).4 Their use
eliminates the application of constants s�R , which would
be usually recommended for substituted anilines. The
statistics in Table 2, entries 28 to 30, gave the expected
result. The reactivities of the acceptor groups are in this
case relatively variable but they are not well expressed by
sR.

CONCLUSIONS


The DSP relationship is not generally valid for diverse
reactions, it is not valid even for the reaction on which it
has been defined. The main defect is in the interaction of
acceptor substituents with the ionic functional group,
which is not dependent on sR or on any measure of
resonance. When there are few acceptor substituents
present, this defect may become less evident. The
apparent success of DSP reported so many times in the
literature may be thus attributed to several reasons:
(1) biased selection of substituents with few acceptors if
any, (2) oversimplified statistical treatment of small
samples, (3) monotonous selection of reaction series.


The idea that reactivity can be expressed by a
combination of inductive effect and resonance is not
principally wrong. Reaction series controlled by induc-
tive effect is predictable and proportional in different
reactions while resonance may be variable or even absent.
It is certainly possible to find some reactions with
regularly variable resonance; they should be searched
particularly among non-ionic reactions and treated
separately for donor and acceptor substituents. The
dissociation reactions of carboxylic acids, both in solution
and in the gas-phase, are not suitable as standard
reference reactions; they were used only because they
were experimentally accessible.


Other two-term equations may be fallacious when
applied to small samples with biased choice of items. In
particular certain equations32 similar to DSP can be
certainly subjected to similar criticism as above.

CALCULATIONS


The DFT calculations were performed according to the
original proposal24 at the level B3LYP/6-311þG(d,p)//
B3LYP/6-311þG(d,p) exploiting the GAUSSIAN 03
program.33 Full energy optimization and vibrational
analyses were carried out in all cases. The minimum-
energy conformations were searched for starting from
different initial structures but two stable conformations
were found only in rare cases (Table S2, footnotes) and
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their energies differed only negligibly. No correction for
the zero-point energy was introduced.


The energies of the acids 2 and 4 and of their anions 3
and 5 are listed in Table S1 (Supporting Information),
energies of some auxiliary compounds in the Tables S2
and S3.
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APPENDIX


General remarks from the point of view of
statistics


The DSP analysis and similar treatments are based on the
statistical disciplines called theory of estimation and
testing of hypotheses. A series of subjects is defined
(population) of which a random sample is taken. From the
properties of the sample and the relationships observed in
it, the methods of statistical induction give estimates of
the properties and relationships existing in the population
with a certain probability since there is always a
possibility (significance level) that the results have been
obtained by chance. In the application in chemistry,
already the definition of the population is often not
clear.34 Such definitions as ‘all molecules, stable or
unstable’, or ‘all stable molecules with less then n atoms’,
or ‘all molecules described in the literature’ have no clear
meaning; they do not decide exactly, which molecule
should be included and which not. Evidently the
population must be defined as a fuzzy set,35 a set to
which all its elements belong each with a given weight.
This weight determines the probability that the element is
selected into a sample; the results obtained are valid for
the population but can be applied for an individual
element only with the proper weight.


In the fuzzy set of all substituents, its elements have
obviously very different weights. Small and stable
substituents are strongly preferred but other properties
may be also of importance. Thus compounds important in
practice, commercially available, or easy to prepare will
be always favored, similarly compounds with some
favorable properties, for instance solubility. Other
conceptions can prefer compounds several times treated
in the literature (tradition)36, or on the contrary those with
interesting properties not known from the literature. In
practice, selection of a sample is never random but the
non-random procedure can be replaced by a fictive
random selection from a fuzzy set with different weights.


In the case of the DSP treatment the results are strongly
dependent on the definition of the population as a fuzzy

Copyright # 2007 John Wiley & Sons, Ltd.

set. If it is defined to cover many known structures with
little respect to the importance of the compounds and to
the literature tradition, the DSP is not valid as shown
conclusively in this paper. If thewell-known, often treated
conventional compounds are preferred (the sets of
recommended substituents1), DSP may hold in this very
restricted range of validity.
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d second-order delocalizations inN,N0,N00-triaminoguanidine (TAG)
density functional methods. There are total 10 rotational isomers on


the potential energy (PE) surface of TAG. The effect of three amino groups substitution on guanidine (Gu) has been
studied in terms of the primary and the secondary electron delocalizations in TAG by employing Natural Population
Analysis (NPA). An increased electron delocalization is observed in protonated triaminoguanidine (TAGP) due to the
three strong intramolecular hydrogen bonds and hence accounts for its extra stability. The increase in the electron
delocalization upon protonation in TAG can be compared to that in guanidine. The absolute proton affinity (APA) of
TAG is less than that of Gu. HOMA and NICS studies have been carried out to understand electron delocalization in
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INTRODUCTION


N,N0,N00-triaminoguanidine (TAG) is known to have
extensive applications in both chemical and biological
systems.1 It was first synthesized by Stollé in 19042 and
since then the chemistry of TAG and its derivatives has
been extensively studied. Due to the advantages like
lower toxicity, lower corrosive product formation, higher
specific impulse and less solid reaction products for-
mation than the conventional composite propellants,
triaminoguanidine nitrate is classified as an environmen-
tally friendly and clean-burning rocket propellant for
commercial applications.3 The nitrate, perchlorate and
carbonate derivatives of TAG are extensively used in fire
extinguishers and vehicle air bags.4 TAG carboxylates
have been investigated for the design of anti-diabetic
agents for the treatment of non-insulin-dependent dia-
betes mellitus (NIDDM).5 As a guanidine derivative,
TAG acts as a reversible inhibitor of cholinesterase and
also demonstrates combined inhibition of monoamine
oxidase.6,7 N,N-dinitramide salts of TAG are used as
solubilizing agents for biologically active agents such as

to: P. V. Bharatam, Department of Medicinal Chem-
stitute of Pharmaceutical Education and Research
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medical imaging or diagnostic agents, pharmacologically
active agents and agricultural agents such as pesticides,8


and in the preparation of various biologically significant
compounds.9


It is suggested that guanidine and its derivatives like
aminoguanidine, diaminoguanidine, biguanides etc.
mainly exist in their protonated form under physiological
conditions, which accounts for their high basicity and
also explains their various biological properties.10–12 The
electronic structure, proton affinity etc. on guanidine,
aminoguanidine and diaminoguanidine have been studied
earlier.11,12 It was reported that the presence of an
additional NH2 unit in aminoguanidine is responsible for
the reduction in the toxicity of guanidine.12 Recently
we studied the absolute proton affinities of guanidine,
aminoguanidine and diaminoguanidine (Fig. 1), which
suggest that the increased stabilization of the protonated
species is a result of the strong intramolecular interactions
rather than increased delocalization upon protonation.13


Extensive studies on the electronic structure, isomerism,
electron delocalization, rotational barriers etc. in guani-
dine, aminoguanidine and diaminoguanidine and their
protonated structures were carried out.13 The trends in
the C—N barriers in guanidine, aminoguanidine,
diaminoguanidine, urea, thiourea, selenourea, biguanide,
formamide, thioformamide, selenoformamide etc. can be
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traced to the primary and secondary electron delocaliza-
tions in these systems, which in turn are controlled by
molecular orbital interactions.14,15


The three amino groups substitution on guanidine
moiety yields one basic structure of TAG (Fig. 1) with 10
rotational isomers possible on its potential energy (PE)
surface. In the present paper, the C—N and N—N
rotational PE surface of TAG and its proton affinity has
been studied and compared with that of guanidine using
ab initio MO and DFT methods. The partial p character
across C—N bonds is an important property in guanidine
and its derivatives,13,14 and this determines the confor-
mational surface of these species. A study of the
rotational PE surface in the gas phase provides infor-
mation regarding the extent of electron delocalizations in
this system, which is reported in this paper.

COMPUTATIONAL DETAILS


Ab initio MO16 and density functional (DFT)17 calcu-
lations have been performed using the GAUSSIAN98
package.18 Complete optimizations have been performed
on various isomers of TAG to understand the electronic
structure, N—N and C—N bond rotations, and electron

Copyright # 2007 John Wiley & Sons, Ltd.

delocalization using HF, B3LYP19 and MP2(full)20


methods at the 6-31þG� basis set. To characterize each
stationary point as a minimum or a transition state and to
estimate the zero point vibrational energies (ZPE),
frequencies for all optimized species were computed at
all levels. The calculated ZPE values were scaled by a
factor of 0.9153, 0.9806 and 0.9661 for HF, B3LYP
and MP2(full) levels, respectively.21 Higher accuracy
G2MP222 method, which includes thermal and ZPE
corrections, was employed to obtain more exact relative
energies for all the structures and the G2MP2-free energy
data has been used in the analysis of results (unless
otherwise specifically mentioned).


Estimation of intramolecular hydrogen-bonding inter-
actions has been performed using atoms in molecules
(AIM)23 calculations (wherever applicable). Natural bond
orbital (NBO) approach24 has been employed to quan-
titatively estimate the second-order interactions as:
E 2ð Þ ¼ �2Fij


�
DEij, where E(2) is the energy due to


second-order interactions; DEij¼Ei�Ej is the energy
difference between the interacting molecular orbitals
i and j; Fij is the Fock matrix element for the interaction
between i and j.


The protonated structure of triaminoguanidine (TAGP)
was also optimized using the same methods in order to
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study the protonation energies (Eqns 1 and 2), absolute
proton affinity (APA) (Eqn 3) and evaluate their electron
delocalization.


Eprot ¼ E BHþð Þ � E Bð Þ½ �


þ ZPE BHþð Þ � ZPE Bð Þ½ � (1)


Gprot ¼ G298 BHþð Þ � G298 Bð Þ (2)


APA ¼ �DH298


¼ H298 Bð Þ þ H298 Hþð Þ � H298 BHþð Þ (3)


where Eprot (Eqn 1)12j is the electronic energy of
protonation reaction, Gprot (Eqn 2) is the Gibbs free
energy of protonation and APA is the absolute proton
affinity of a molecule (Eqn 3).10f E(B) and E(BHþ) denote
the total energies of the base and its conjugate acid,
respectively; ZPE is the zero-point vibrational energy
correction; G298 is the free energy at 298.15K of the free
base (B) and its conjugate ionic acid (BHþ); H298 is the
enthalpy of the free base (B), its conjugate ionic acid
(BHþ) and the proton (Hþ) at 298.15K. Equation (1)
includes the changes in total energy and in ZPE, Eqn (2)
includes the changes in total energy, in ZPE, in thermal
energy and entropy change on going from 0 to 298.15K
and Eqn (3) gives the negative of enthalpy change
(�DH298), which includes the changes in total energy, in
ZPE, in vibrational energy on going from 0 to 298.15K,
and in rotational and translational energy and a work term
(RT¼ 0.592 kcal/mol).15c For Hþ, only the translational
energy term is not equal to zero (H298 Hþ¼ 3/
2RT¼ 0.899 kcal/mol at 298.15K) and a work term
(RT¼ 0.592 kcal/mol).10f In the present work, Eprot, Gprot


and APA are calculated using energy, Gibbs free energy
and enthalpy, respectively, obtained at the G2MP2 level
of calculation.


Harmonic oscillator measure of aromaticity (HOMA),25


a geometry-based aromaticity index (HOMA is defined
in such way to give 0 for a model non-aromatic system and
1 for a systemwhere fullp-electron delocalization occurs),
was applied to quantify the extent of p-electron delocali-
zation of guanidinium ion and aminoguanidinium ion.
HOMA is defined as follows:


HOMA ¼ 1� a


n


X
dopt � di
� �2


(4)


where a is the normalization constant (93.52 for CN
bonds), n is the number of bonds taken into account, dopt
is the optimum bond length which is assumed to be
realized when full delocalization of p electrons occurs
(1.334 for CN bonds) and di are the running bond lengths.


Nucleus-independent chemical shift (NICS) index,
introduced by Schleyer et al.26 related to the magnetic
properties of the molecule, was applied to quantify the
extent of p-electron delocalization of triaminoguanidi-
nium ion. It is defined as the negative value of absolute
shielding computed at a ring centre or any other
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interesting point of the system, determined by the
non-weighted mean of the heavy atom coordinates.
Aromatic systems are characterized by negative NICS,
antiaromatic systems by positive NICS, as discussed in
the study of many cyclic systems.26

RESULTS AND DISCUSSION


Potential energy surface of TAG


The complete electronic structure calculations have been
carried out on TAG and on its C—N and N—N rotational
isomers to generate a PE surface. TAG1 is the most stable
isomer having the least energy on a PE surface (Table 1).
The C—N and N—N rotational processes in TAG1 lead
to nine additional minima TAG2–TAG10 (Fig. 2). There
are notably two strong intramolecular hydrogen-bonding
interactions observed in TAG1 between N5 and H15 and
between N7 and H12 with distances being 2.161 Å and
2.312 Å, respectively (Fig. 2). However, AIM studies did
not show any bond critical points to support these
stabilizing interactions. The nN5! s�N4—H15 (E(2):
5.33 kcal/mol) (Table 2) second-order interaction in
TAG1 corroborates the possible intramolecular hydrogen
bond stabilizing interaction. In case of the other minima,
only one such stabilizing attractive interaction can be
possible. For example, in the case of TAG2, which is an
N4—N7 rotamer of TAG1 and is only 0.92 kcal/mol less
stable than TAG1 (Table 1), only one such attractive
interaction between lone pair of electrons on N5 and H15
is observed. TAG4 (3.49 kcal/mol) and TAG10
(5.15 kcal/mol) are the C2—N4 rotamers while TAG5
which is 3.57 kcal/mol less stable than TAG3 is the
C2—N3 rotamer, where all these isomers have no
intramolecular H-bonding interactions. TAG3 (2.63 kcal/
mol), TAG6 (4.51 kcal/mol), TAG7, TAG8 and TAG9
(3.12, 4.18 and 4.54 kcal/mol) are not purely N3—N6,
N4—N7 and N1—N5 rotamers, respectively; instead of
N—N rotation these isomers undergo conformational
changes along with C—Nbond rotations to generate these
minima on the PE surface. Though there are several
possible conformations for the TAG, the energy
difference between these isomers are quite small; all of
this fall within a range of about 5 kcal/mol. This indicates
that in solution-state any of these conformations may
exist or all of these might exist simultaneously. This
observation is quite different from that of AG and DAG
where one or two conformers are more energetically
preferred over the others.

Electron delocalization in triaminoguanidine


Electron delocalization in TAG1 can be understood as a
function of N—N and C—N bond rotations. On the
N1—N5, N3—N6 and N4—N7 rotational paths inTAG1,
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Table 1. Relative energies (kcal/mol, ZPE-corrected values, which have been scaled by a factor of 0.9153, 0.9806 and 0.9661
for HF, B3LYP and MP2(full) levels, respectively) of various conformers of triaminoguanidine (TAG) and protonated triami-
noguanidine (TAGP) at 298.15K using 6-31þG� basis set


Structure HF (E) B3LYP (E) MP2(full) (E) G2MP2 (G) Chemical interpretation of the energy data


Triaminoguanidine
TAG1 0.00 0.00 0.00 0.00 Global minimum
TAG2 3.20 2.82 3.07 0.92 DE from TAG1
TAG3 3.77 2.90 2.42 2.63 DE from TAG1
TAG4 4.46 3.38 3.15 3.49 DE from TAG1
TAG5 5.95 4.44 4.03 3.57 DE from TAG1
TAG6 7.70 4.91 4.29 4.51 DE from TAG1
TAG7 7.08 5.39 4.92 3.12 DE from TAG1
TAG8 7.28 5.96 5.11 4.18 DE from TAG1
TAG9 8.91 5.87 5.48 4.54 DE from TAG1
TAG10 8.22 5.79 5.75 5.15 DE from TAG1
TAG1-TS1 11.87 10.52 11.54 9.58 Rot. Bar. across N1–N5 in TAG1
TAG1-TS2 12.58 10.91 11.02 9.05 Rot. Bar. across N3–N6 in TAG1
TAG1-TS3 19.11 16.18 16.36 14.61 Rot. Bar. across N4–N7 in TAG1
TAG1-TS4 12.84 11.36 10.36 9.99 Rot. Bar. across C2–N3 in TAG1
TAG1-TS5 — 9.56 9.34 9.02 Rot. Bar. across C2–N4 in TAG1
Protonated triaminoguanidine
TAGP1 0.00 0.00 0.00 0.00 Global minimum
TAGP2 7.29 6.59 7.44 5.85 DE from TAGP1
TAGP3 14.03 12.67 13.85 11.36 DE from TAGP1
TAGP4 13.86 12.34 13.17 11.65 DE from TAGP1
TAGP5 14.65 13.13 13.91 12.11 DE from TAGP1
TAGP6 19.51 17.64 18.39 16.37 DE from TAGP1
TAGP1-TS1 15.53 13.01 14.26 11.75 Rot. Bar. across N1–N5 in TAGP1
TAGP1-TS2 15.53 13.01 14.26 11.74 Rot. Bar. across N3–N6 in TAGP1
TAGP1-TS3 22.22 18.98 20.98 17.09 Rot. Bar. across N4–N7 in TAGP1
TAGP1-TS4 18.12 17.87 16.79 16.75 Rot. Bar. across C2–N3 in TAGP1
TAGP1-TS5 18.00 14.40 16.16 13.98 Rot. Bar. across C2–N4 in TAGP1
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there are three different transition states TAG1-TS1,
TAG1-TS2 and TAG1-TS3, respectively (Fig. 3). The
N1—N5, N3—N6 and N4—N7 rotational barriers for
TAG1 are 9.58, 9.05 and 14.61 kcal/mol, respectively
(Table 3), which are higher than the N—N rotational
barriers in hydrazine (7.8 kcal/mol) and aminoguanidine
(AG1: 8.2 kcal/mol)13 (Table 3). These rotations lead to
the corresponding minima TAG7, TAG3 and TAG2,
respectively.


In aminoguanidine, the N1—N5 rotational barrier was
characterized by the breaking of intramolecular hydrogen
bond.13 In case of TAG1 during the N1—N5 rotation,
there is a loss of the possible intramolecular attractive
interaction. The N4—N7 and N3—N6 rotation also leads
to a loss of the H-bonding interaction.


The C2—N3 rotational barrier (through the transition
state TAG1-TS4 – Fig. 3) has been estimated to be about
9.99 kcal/mol (Table 3), which is comparatively smaller
than the corresponding interaction in guanidine (Gu1:
10.84 kcal/mol) (Table 3). The C—NandN—N rotational
barriers in TAG are not very large. They are only of the
order of 9–14 kcal/mol. This suggests that at equilibrium
interconversions among various conformations are quite
practical. The NPA analysis shows stronger electron
delocalization from N3 (nN3!p�


C2—N1; E
(2): 61.29 kcal/


mol) in TAG1, which is larger than that in Gu1 (E(2):

Copyright # 2007 John Wiley & Sons, Ltd.

41.58 kcal/mol) (Table 2). TAG1-TS5 (Fig. 3) depicts the
C2—N4 transition state with an energy barrier of
9.02 kcal/mol. This barrier is higher in value than that
of Gu1 (6.82 kcal/mol) (Table 3) and also the nN4!
p�


C2—N1 delocalization inTAG1 is (E(2): 50.78 kcal/mol),
which is greater than the nN4!p�


C2—N1 delocalization
in Gu1 (E(2): 46.09 kcal/mol).13 Since both C2—N3
and C2—N4 rotations in TAG1 correspond with the loss
of possible attractive intramolecular interactions, thus
these barriers to rotation in value are higher and the
lone pair delocalization is also greater than that of
guanidine.

Protonated triaminoguanidine


Protonation at the iminic nitrogen of all the isomers of
TAG upon protonation give TAGP, which may exist in
any of the six conformations – TAGP1–TAGP6 (Fig. 4).
Out of these conformations,TAGP1 is the most stable and
TAGP2–TAGP6 are its rotational isomers. TAGP1 is
characterized by three very strong intramolecular hydro-
gen-bonding interactions between N5 and H15, N6 and
H16 and N7 and H12 (which are confirmed by AIM
analysis for bond path) with each of the distances being
2.26 Å (Fig. 5). All the other isomers have either two or
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Figure 2. C��N and N��N rotational isomers of N,N0,N00-triaminoguanidine (TAG)
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only one such intramolecular interaction. The energy
difference between TAGP1 and TAGP2 is 5.85 kcal/mol
at G2MP2 level favouring TAGP1 (Table 1) and these
two are different only by a N3—N6 rotation, however
during this rotation there is a loss of strong intramolecular
hydrogen bonding between N6 and H16. The other
conformers have even higher energy differences owing to
the loss of such attractive intramolecular interactions. The
N1—N5, N3—N6, N4—N7, C2—N3 and C2—N4
rotational barriers in TAGP1 are 11.75, 11.74, 17.09,
16.75 and 13.98 kcal/mol, respectively, at G2MP2 level
(Table 3). It is interesting to note that under protonated
conditions, TAG prefers a specific conformation, unlike
the noted flexibility under unprotonated state. The relative
stabilities of the rotational isomers of TAGP are quite

Copyright # 2007 John Wiley & Sons, Ltd.

less, C—N and N—N rotational barriers are high. The
only possible low energy process is the inversion at N6 in
TAGP1 to give TAGP2, which goes through a barrier of
about 5.85 kcal/mol but the reverse inversion from
TAGP2 to TAGP1 is barrier-less path. Similarly, C—N
and N—N rotations from any of the isomers to TAGP1
are quite low energy processes. This analysis indicates
that the possibility of finding isomers ofTAGP in solution
is quite low, precluding the possibility of interconversion
among conformers. Thus, it may be concluded that there
is only one possible conformation for the TAGP in
solution. In the protonation study of TAG we have
considered only iminic nitrogen as the potential proto-
nation site because there can be complete delocalization
of the electrons upon protonation at iminic nitrogen. To
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Table 2. NBO analysis of the most stable conformer of guanidine (Gu) and triaminoguanidine (TAG) and their protonated
forms at the MP2(full)/6-31þG� level at 298.15 K


Structure Interaction


Second-order interaction Occupancy


E(2)a Ei�Eb
j Fb


ij rn(N) rp�


Gu1 nN3!p�
C2–N1 41.58 0.67 0.153 1.893(N3) 0.212


nN4!p�
C2–N1 46.09 0.68 0.162 1.892(N4)


nN1! s�C2–N4 23.56 1.22 0.152 1.939(N1)
GuP nN3!p�


C2–N1 112.48 0.48 0.220 1.762(N3) 0.443
nN4!p�


C2–N1 112.49 0.48 0.220 1.762(N4)
TAG1 nN1! s�C2–N4 16.11 1.28 0.128 1.949


nN3!p�
C2–N1 61.29 0.61 0.179 1.841 0.276


nN4!p�
C2–N1 50.78 0.65 0.168 1.865


nN5! s�N4–H15 5.33 1.20 0.072 1.975
nN6! s�C2–N3 7.73 1.26 0.088 1.980
nN7! s�N4–H15 7.89 1.21 0.087 1.976


TAGP nN1!p�
C2–N4 118.83 0.49 0.227 1.754 0.461


nN3!p�
C2–N4 118.51 0.49 0.227 1.754


nN5! s�N4–H15 9.58 1.21 0.096 1.969
nN6! s�N3–H12 9.58 1.21 0.096 1.969
nN7! s�N4–H15 9.58 1.21 0.096 1.969


Figure 3. N��N and C��N rotational transition states in TAG1


Table 3. Barriers to rotation (kcal/mol) of themost stable conformers of guanidine (Gu), and triaminoguanidine (TAG) and their
protonated forms of (gup and TAGP) obtained at MP2(full)/6-31G� and G2MP2 level


Structure


C��N3 C��N4 N1��N5 N3��N6 N4��N7


MP2(f) G2MP2 MP2(f) G2MP2 MP2(f) G2MP2 MP2(f) G2MP2 MP2(f) G2MP2


Gu1 12.40 10.84 7.06 6.82 — — — — — —
GuP 11.96 13.18 11.96 13.18 — — — — — —
TAG1 10.36 9.99 6.89 9.02 11.54 9.58 16.36 9.05 11.02 14.61
TAGP 16.79 16.75 16.16 13.98 14.26 11.75 14.26 11.74 20.98 17.09
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Figure 4. C��N and N��N rotational isomers of protonated triaminoguanidine (TAGP)


Figure 5. Comparative geometric features of guanidine
and triaminoguanidine
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check the possibility any of the amino nitrogen atoms
compete with iminic nitrogen, we have carried out pro-
tonation study at amino nitrogen also. But all the amino
nitrogen showed quite higher protonation energy (as
expected) than the protonation at iminic nitrogen excluding
the possibility of any close competition between the amino
and iminic nitrogen for protonation under physiological
condition.


The electronic energy of protonation (Eprot), Gibbs free
energy of protonation (Gprot) and APA of triaminogua-
nidine (TAG1) are estimated to be�232.44,�226.12 and
233.78 kcal/mol, respectively, at G2MP2 level. The APA
value ofTAG is smaller than that ofGu (235.68 kcal/mol)
and both aminoguanidine (AG) (235.94) value as well as
diaminoguanidine (DAG) (239.27) value.13 The increase
in electron distribution upon protonation in TAG is
similar to that of Gu, AG as well as DAG. In the latter
cases, it was concluded that the observed differences in
the proton affinities have no bearing on the increase in
electron distribution upon protonation instead it is a result
of the gain in the intramolecular hydrogen bonds.13


However, there is a gain in the intramolecular hydrogen
bonds in TAG (i.e. two intramolecular hydrogen bond in
free base, TAG1, and three intramolecular hydrogen bond
in the protonated form, TAGP1), the APA value is less
than that of Gu, AG as well as DAG (Table 4).


UnlikeAG andDAG, the protonation in case ofTAG is
more comparable to that in Gu. The presence of three
electron-donating amino groups to the C(N)3 frame-work
does not perturb the existing strong p-electron deloca-
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Table 4. Protonation energies (Eprot, Gprot) and absolute
proton affinity (APA) of triaminoguanidine at G2MP2 level
of calculations (kcal/mol) at 298.15K


Structure Eprot Gprot APA


Gua �234.93 �229.42 235.68
AG1a �234.84 �228.72 235.94
DAG1a �238.54 �231.52 239.27
TAG1 �232.44 �226.12 233.78


a Reference 13.
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lization of guanidiniummoiety, instead their effect further
strengthens the electron delocalization by increased
resonance stabilization due to the formation of tripenta-
cyclic system arising from the three strong intramolecular
hydrogen bonds upon protonation. The C2—N3 and
C2—N4 bond rotations in GuP and TAGP1 (Table 3)
shows a similar pattern. Upon protonation all hydrogens,
that is, three guanidino hydrogens are equivalent and six
amino hydrogens are equivalent, in TAG become equiva-
lent, similar to that in Gu. The NPA analysis (Table 2)
showed that in case of bothGuP and TAGP1, the trend in
electron delocalization is comparable (nN3/4!p�


C2—N1;
E(2): 112.48 kcal/mol in GuP and nN1/3!p�


C2—N4; E
(2):


118.83 kcal/mol in TAGP). The HOMAvalues forGuP13


andTAGP1 are exactly the same value as 0.999, while the
NICS values for GuP and TAGP1 are �44.1 and �39.4,
respectively, which are also comparable and accounts for
aromatic nature of both the ions. The geometric features
also demonstrate a similarity pattern between guanidi-
nium and triaminoguanidinium ion (Fig. 5). All these
results clearly indicate that the presence of three amino
groups on guanidine does not have a major effect on the
electron delocalization of guanidine, insteadTAG itself is
electronically similar to guanidine.

CONCLUSIONS


Ab initio MO and DFT calculations on TAG showed that
there are 10 conformational minima on the PE surface.
TAG1 is the most stable isomer characterized by two
strong intramolecular hydrogen bonds. All other isomers
arise due to C—N and N—N rotations, which lead to the
loss of the attractive intramolecular interactions and
hence have lower stability. The p electron delocalization
upon protonation TAGP is comparatively different from
that of protonated aminoguanidine (AGP) as well as
diaminoguanidine (DAGP), but is comparable to that of
guanidine (GuP) as indicated by differences in the C—N
rotational barriers and the NPA second-order electron
distributions. The effect of the three electron-donating
amino groups to the C(N)3 frame-work can be understood
as the increase in the electron delocalization by increasing
resonance due to the formation of tripentacyclic system
arising from the three strong intramolecular hydrogen
bonds upon protonation. The APA of TAG is 233.78 kcal/

Copyright # 2007 John Wiley & Sons, Ltd.

mol, only slightly smaller than that of guanidine
(235.68 kcal/mol). The HOMA (0.999 for GuP and
0.999 for TAGP1) and NICS (�44.1 and �39.4 for GuP
and TAGP1, respectively) studies also corroborate the
similarity between the aromatic nature of both GuP and
TAGP1 ions.

Supporting information available


Tables S1 and S2 containing the ZPE-corrected absolute
energy data of triaminoguanidine and its protonated form,
the geometrical parameters (Table S3) and HOMA and
NICS (Table S4) for various system is available free of
charge via the internet at http://www.interscience.wiley.
com/jpoc.
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ABSTRACT: A study of a range of aromatic molecules is investigated electrochemically to determine what makes an
effective reducing mediator. With the aim of developing a better understanding of electron transfers (ETs) mediated
from lithium in functional group reduction, a series of single ET reactions are reported in this paper. Typical reaction
conditions involved the use of aromatic mediators such as naphthalene, anthracene, 4,40-di-tert-butyl-1,10-biphenyl
(DBB) with lithium metal in tetrahydrofuran (THF) at �78 8C. The results of these experiments showed that some
mediators were more effective reducing reagents than others. Cryoelectrochemical procedures are used to mimic the
conditions of the SET reactions in order to investigate the exact nature and role of the mediator formed upon ET. It is
demonstrated that electro-generated and stabilized radical anions of anthracene at �78 8C mediate the reduction of
organic substrates, whereas the more reactive dianion is quickly protonated and therefore unable to act as an ET
reagent; direct electrochemical reduction of the sulfide, phenyl 3-phenylpropylsulfide (RSPh) gives the thiol,
thiophenol, and propyl benzene whereas mediated reduction gives the dimer, diphenyl disulfide and propyl benzene.
The possibility to selectively reduce a substrate with either a single electron or with two electrons is possible by using
either the radical anion (mediated) or via the direct electroreduction. DBB and naphthalene (both single electron
accepting species only) have been found to be the most effective reducing reagents in this study. Anthracene and other
two-electron accepting species only showed effective reducing ability when a stoichiometric amount of lithium was
used therefore preventing the ‘over-reduction’ to the dianion. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: mediator; cryoelectrochemistry; anthracene; single electron transfer (SET); tetrahydrofuran (THF)

INTRODUCTION


The role of mediators as homogeneous electron-transfer
(ET) reagents for the reductive cleavage of functional
groups is widely employed in synthetic organic chem-
istry. Typically, lithium metal is reacted with an arene
electron-transferring catalyst and substrate, the aromatic
radical anion being generated in situ (Scheme 1).


In particular, 4,40-di-tert-butyl-1,10-biphenyl (DBB)
and naphthalene have attracted much interest as being the
most effective mediators. In the past few decades many
examples of the use of these mediators has been reported.
For example, a range of functional groups which include
thioethers, allylic and benzylic thiols, acetals, disulfides,
tertiary alkyl chlorides, and heterocycles have been
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reduced employing DBB and naphthalene1 as the medi-
ators;2–4 the reductive ring opening of oxygen-containing
benzo-fused heterocycles,5 structural modification of
carbohydrates,6 the reductive decyanation of nitriles,7 and
the coupling of carbonyl compounds8 have also been
reported. In addition, Donohoe et al. 9,10 have investigated
a number of applications of mediated syntheses including
the total synthesis of cylindricine A,11 the formation of
enantiopure pyrroline building blocks for natural product
synthesis,12 and in the partial reduction of hetero-
cycles.13,14 From an electrochemical perspective, redox
catalysis is gaining wide popularity particularly in
biosensor research, environmental applications, and in
biological investigations (proteins, DNA, etc.). The work
of Savéant15–17 and Parker,18 in particular, has signifi-
cantly developed the area of redox catalysis.


With a range of mediators available, both in synthetic
and in homogeneous redox catalysis, it is recognized that
some mediators are more ‘effective’ reducing reagents
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than others. Given the structural similarities between
many of these mediators (polyaromatic compounds in
particular) the question arises of why this should be?
What makes a mediator effective as a reducing reagent?
Furthermore, the ability of somemediators to accept more
than one electron raises the interesting question of
whether it is possible to ‘selectively’ mediate with either
(a) a monoanion or (b) a dianion to yield, for example, a
monomeric or dimeric product, respectively. Finally, how
does a synthetic-mediated ET reaction compare to that of
a direct electrochemical reaction whereby the electrode
serves as the electron source? The aim of this
investigation is to answer these fundamental questions
which have been raised frequently in the literature,1,4,5,7


and to provide an insight into what makes a mediator
‘effective’.


Herein, a series of mediated reactions are reported in
this paper. Typical reaction conditions involved the use of
aromatic mediators such as naphthalene, anthracene,
DBB with lithium metal in tetrahydrofuran (THF) at
�78 8C. The results of these experiments showed that
some mediators were more effective reducing reagents
than others. For example, DBB and naphthalene gave
>70% yields of reduced phenyl 3-phenylpropylsulfide
and trans-1-(3-iodopropoxy)-4-(methoxymethoxy)cyclohe-
xane compared with anthracene and 2,20-dimethoxy-
1,10-binaphthyl which did not reduce the substrates but
did yield 9,10-dihydroanthracene in the former case.
These interesting observations raised the question as to
why this should be the case for a series of structurally
similar aromatic mediators?


Herein, we used cyclic voltammetry (CV) in an
experimental setup designed to mimic the conditions of
the SET reactions in order to investigate the exact nature
and role of the mediator formed upon ET. Developing our
previous work with naphthalene19 we show, as a case
example, that electro-generated and stabilized radical
anions of anthracene at �78 8C mediate the reduction of
organic substrates, whereas the more basic dianion is
quickly protonated and therefore unable to act as an ET
reagent. For example, reductive mediation of the sulfide,
phenyl 3-phenylpropylsulfide (RSPh) yields the dimer,
diphenyl disulfide and the propyl benzene, whereas the
direct electrochemical reduction gives the thiol, thiophe-
nol, and propyl benzene. Therefore the possibility to
selectively reduce a substrate with either a single electron
or with two electrons becomes possible. DBB and

Copyright # 2007 John Wiley & Sons, Ltd.

naphthalene (both single electron accepting species only)
have been found to be the most effective reducing
reagents in this study. Anthracene and other two-electron
accepting species only showed effective reducing ability
when a stoichiometric amount of lithium was used
therefore preventing the ‘over-reduction’ to the dianion.
In these cases, the formation of dimers was feasible.

EXPERIMENTAL


Reagents


Tetra-n-butylammonium perchlorate (TBAP) and tetra-
n-butylammonium hexafluorophosphate (TBAF) (Fluka),
anthracene, ferrocene, ferrocenium hexafluorophosphate,
and phenyl 3-phenylpropylsulfide (Aldrich) were used as
received and without any further purification. Anhydrous
THF was purified by filtration through two columns of
activated alumina (grade DD-2) as supplied by Alcoa,
employing the method of Grubbs and coauthors.20


Acetonitrile (ACN) (Fisher Scientific) was dried over
molecular sieves (BDH Laboratory Reagents) and kept
under argon before use. DBB and naphthalene (Aldrich)
were recrystallized from methanol before use.
2,20-Dimethoxy-1,10-binaphthyl was synthesized from
the corresponding alcohol (Aldrich) by methylation
(MeI, K2CO3, DMF). Using the corresponding carboxylic
acids (Aldrich), methyl naphthalene-2-carboxylate and
methyl naphthalene-1-caboxylate were prepared by
esterification (MeOH, H2SO4).


The halides, trans-1-(3-iodopropoxy)-4-(methoxy-
methoxy)cyclohexane (R-I), trans-1-(3-bromopropoxy)-
4-(methoxymethoxy)cyclohexane (R-Br), and trans-1-(3-
chloropropoxy)-4-(methoxymethoxy)cyclohexane (R-Cl)
were prepared from a general precursor which has been
described previously.21,22

Voltammetry


Voltammetric measurements were carried out on an
Autolab PGSTAT 20 (Eco-Chemie, Utrecht, Netherlands)
potentiostat. A three-electrode arrangement was used in
an air-tight, three-necked electrochemical cell. The cell
with solid electrolyte was dried in vacuo overnight before
solvent addition and electrochemical experiments. The
working electrodes employed were 5 and 12.5mm
(radius) platinum disk-electrodes (Cypress Systems,
Inc., Kansas, US) and a 1mm (diameter) platinum disk-
electrode housed in TeflonTM, with a large area, shiny
platinum wire (Goodfellow Cambridge Ltd, Cambridge,
UK) as the counter electrode. The working electrodes
were carefully polished before use on a clean polishing
pad (Kemet, UK) using 3, 1, and 1/10mm diamond spray
(Kemet, UK). All working electrodes were carefully dried
prior to use. Before carrying out electrochemical
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experiments, the microdisk radius was electrochemically
calibrated using literature methodology.23 A Fc/FcþPF�6
reference electrode was developed for use in THF and at
low temperatures.24 The temperature was monitored and
controlled by an external system (Julabo FT902,
JULABO Labortechnik GmbH, D-77960 Seelbach/
Germany). Typically the solutions were degassed
vigorously for 1min using impurity-free argon (BOC
gases, Guildford, Surrey, UK) to remove any trace oxygen
and an inert atmosphere was maintained throughout all
analyses. All solutions were prepared under an atmos-
phere of argon using oven-dried glassware such as
syringes and needles used for the transfer of moisture
sensitive reagents and where required all mediator
solutions were prepared and stored at �78 8C. All
voltammetric measurements were performed inside a
Faraday cage in order to minimize any background noise.

Controlled-potential electrolyses


Controlled-potential, bulk electrolyses were carried out in
a two-compartment cell, the catholyte and anolyte being
separated by a sintered glass frit. The cathode was a
rectangular platinum plate (area¼ 2 cm2) (Goodfellow,
UK), and the anode a platinum mesh housed within the
separate compartment with 0.1M TBAP in THF. A Fc/
FcþPF�6 reference electrode was used as the reference
electrode. All electrolyses were vigorously stirred using a
magnetic stirrer bar and the temperature maintained using
an external cooling system (Julabo FT902, JULABO
Labortechnik GmbH, D-77960 Seelbach/Germany). The
potential was held constant at the required reduction
potential of the electron transfer (ET) reagent (vs. Fc/
FcþPF�6 ) determined from microdisk-cyclic voltammo-
grams.


Saturated aqueous ammonium chloride (2ml) followed
by water (10ml) was added to the electrolyzed solution
upon reaction completion. Diethyl ether (20ml) was then
added and the two fractions separated. The organic
fraction was then washed with aqueous hydrochloric acid
(1M, 8� 10ml), saturated sodium bicarbonate (10ml),
and saturated aqueous sodium chloride (10ml). The
organic layer was dried over magnesium sulfate and then
carefully evaporated under reduced pressure. The
products were identified by 1H NMR, 13C NMR, and,
where necessary, LC-MS.

Single electron transfer (SET) reaction for
functional group reduction: general
procedure


To a two-neck flask containing the mediator under
investigation dry THF was added (typical concentration,
0.1M) under argon, the solution was then cooled to 0 8C.

Copyright # 2007 John Wiley & Sons, Ltd.

Fresh lithium was prepared by submerging the wire in
pentane while scraping the oxidized surface with a knife.
The lithium metal was then cut directly into the mediator
solution under a stream of argon. The resulting blue–
green solution was cooled to �78 8C and allowed to stir
for 4 h. The starting material (0.50mmol) in dry THF
(10ml) was cooled to�78 8C and the mediator solution (2
equiv.) added rapidly. The reaction was allowed to stir at
�78 8C for a further 10min and quenched by the
dropwise addition of saturated aqueous ammonium
chloride (5ml). The solution was allowed to warm to
ambient temperature, poured into brine (20ml), and
extracted with diethyl ether (2� 30ml). The organic
extracts were combined, dried over MgSO4, and
evaporated under reduced pressure.

Microdisk chronoamperometry


The current observed at a microdisk electrode can be
described in terms of the dimensionless current function
and time function:


f ¼ I


4FnDrc
(1)


t ¼ 4Dt


r2
(2)


where I is the current, F is the Faraday constant, n the
number of electron(s) transferred, D the diffusion
coefficient, r the disk radius, c the bulk concentration,
and t the time. Microdisk chronoamperometry permits the
simultaneous determination of D and n provided no
coupled chemistry operates on the timescale of the
experiment. The time-dependent current response, I,
resulting from a diffusion-controlled reductive (or
oxidative if required) current after a potential step at a
microdisk electrode is given in Eqn (3):


I ¼ �4nFDcrf ðtÞ (3)


where Eqn (4) defines f(t):


f ðtÞ ¼ 0:7854þ 0:8862t�1=2 þ 0:2146e�0:7823t�1=2


(4)


The above approximations [Eqns (1–4)] were derived
by Shoup and Szabo25 and describe the current response
to within an accuracy of 0.6% over all t. Experimentally,
the chronoamperometric experiment is run over a time
scale incorporating a transition from planar diffusion,
with a I/D½ dependence, to steady-state hemispherical
diffusion with a I/D dependent behavior.26 Accordingly,
deconvolution of the parameters D and n is possible from
a single scan. Fitting is achieved using ORIGIN 6.0
(Microcal Software, Inc.) whereby inputting accurate
values for r and c, the software iterates through values of
D and n until the fit of the experimental data is optimized.
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Tafel analysis


Mass transport-corrected Tafel analysis of a voltammetric
wave is a method that may be used under certain
conditions for studying the kinetic nature of a hetero-
geneous ET.27 When these conditions are met, a plot of
ðF=RTÞðE � Eo


f Þ versus ln½ðIlim=IÞ � 1� will be linear in
both the limits of electrochemical reversibility and
irreversibility, where I is the steady-state current and
Ilim is the steady-state current in the limit of mas-
s-transport. For an electrochemically reversible ET this
plot will have a gradient of 1 and for an electrochemically
irreversible ET this plot will have a gradient of 1/a.28

Analytical techniques


1H NMR spectra were recorded using a Bruker AV400
(400MHz) spectrometer in CDCl3 and referenced to
tetramethylsilane (Si(Me)4) as an internal standard.
Signal positions were recorded in d (ppm) with the
abbreviations s, d, t, q, quint., sept., br, app., and m
denoting singlet, doublet, triplet, quartet, quintet, septet,
broad, apparent, and multiplet, respectively. All coupling
constants, J, are quoted in Hz.


Crude electrolysis mixture was analyzed by thin-layer
chromatography (TLC). TLC was performed on Merck
Kieselgel 60 F254 0.25mm precoated aluminium-backed
silica plates. Compounds were visualized with UV light
and/or by staining with basic potassium permanganate
solution.


Flash chromatography was used to separate the
products following electrolysis and carried out according
to the method described by Still et al. 29 using Merck

Table 1. Voltammetric data for single electron transfer (SET) reag
a Pt microelectrode


ET reagent
E1/2 (V) versus
Fc/FcþPF�6 n


D� 10
(m2 s�


DBB �3.34 1� 0.1 2.3�


Naphthalene �3.11 1� 0.1 2.4�


a SET experiments performed using an excess of lithium.


Copyright # 2007 John Wiley & Sons, Ltd.

Kieselgel 60 (40–63mm). Column fractions were moni-
tored by TLC.

RESULTS AND DISCUSSION


A series of SET reactions were performed using various
mediators as the ET reagents. The results, which are
discussed in the first section, showed that some mediators
were more effective reducing reagents than others. The
aim of the subsequent sections therefore was to answer
three key questions. First, why are some mediators more
effective than others? Second, is it possible to reduce a
substrate using either the monoanion or dianion form of a
mediator generated to transfer one or two electrons
selectively? Thirdly, how do the mediated and direct
electrolyses of mediation compare?

Single electron transfer experiments


A series of SET reactions were performed using halides
and sulfides as the organic substrates and with a range of
polyaromatic compounds as mediators. The structures of
the compounds used and the results of the reduction
reactions are given in Tables 1 and 2. The exact
experimental details have been described above and in
previous work.30 It was observed that DBB and
naphthalene (Table 1) used as the mediators gave the
best percentage yields of reduced products. For example,
the sulfide, phenyl 3-phenylpropylsulfide (RSPh), gave
propylbenzene (RH) in 74% yield with naphthalene and
[(3-{[trans-4-(methoxymethoxy)cyclohexyl]oxy}propyl)-
thio]benzene (R0SPh) gave trans-1-(methoxymethoxy)-

ents with n¼1 obtained at�78 8C in THF (0.1M TBAP) using


�10


1)
Tafel value


(mV)


SET experimental resultsa;
percentage yield of reduced
product (%)


0.1 132 R-I!R-H (60%)þR-R (6%)
R0SPh!R0-H (90%)
R-Cl!R-H (92%)
R-Br!R-H (81%)


O


O X


O


R = 


0.1 115 R-I!R-H (62%)
RSPh!R-H (74%)
R-Cl!R-H (68%)
R-Br!R-H (72%)


X
R = 
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4-propoxycyclohexane (R0H) in 90% yield with DBB
(Table 1). Similar percentage yields of reduction were
also observed for iodides, bromides, and chlorides
(Table 1). In contrast to these results, all of the mediators
in Table 2 gave no reduction products under the general
conditions used (excess lithium, �78 8C). For example,
anthracene when used as a mediator for the reduction of
the sulfides and iodides described above did not act as an
ET reagent and gave only the partially reduced aromatic
compound: 9,10-dihydroanthracene as the product.


Following these data, an electrochemical procedure
was developed to mimic the conditions used in the SET
reactions and ultimately, investigate the properties of the
mediators.

Figure 2. Voltammetric response of anthracene (3mM) in
THF (0.1M TBAP) using a 12.5mm (radius) platinum micro-
electrode recorded at a scan rate of 10mV s�1 (at �78 8C)

Voltammetric analyses


Steady-state voltammetry, cyclic voltammetry,
and microdisk chronoamperometry of the med-
iators. Using microdisk voltammetry,31 the steady-state
voltammograms for the mediators used in the SET
reactions were obtained. Figures 1–3 show the voltam-
mograms for DBB, anthracene, and methyl naphthale-
ne-1-carboxylate, respectively, in THF (0.1M TBAP) at
�78 8C. The half-wave potential, E1/2, and Tafel
slope27,28,31 for each compound are given in Tables 1
and 2. DBB and naphthalene showed a single wave
(Table 1) whereas the mediators in Table 2 all showed
double waves. Tafel analysis for anthracene (Table 2)
showed that the first wave was reversible (electrochemi-
cally) (E1/2¼�2.47 vs. Fc/FcþPF�6 ; 57mV) whereas the
second wave is quasi-irreversible (E1/2¼�3.14 vs. Fc/
FcþPF�6 ; 94mV). Voltammetry performed at low tem-
peratures (�78 8C) in THF allowed the full resolution of
the voltammetric waves for somemediators in Table 2 and
also for DBB (Table 1) from the solvent break-
down.22,30,32–34

Figure 1. Voltammetric response of DBB (2.1mM) in THF
(0.1M TBAP) using a 13mm (radius) platinummicroelectrode
recorded at a scan rate of 10mV s�1 (at �78 8C)


Copyright # 2007 John Wiley & Sons, Ltd.

Microdisk chronoamperometry26 was used to simul-
taneously determine the number of electron(s) trans-
ferred, n, to each mediator and the diffusion coefficient,D
in THF at�78 8C. The results are shown in Tables 1 and 2
for each mediator. DBB and naphthalene are n¼ 1 ET
reagents (Table 1) while anthracene and 2,20-dimethoxy-
1,10-binaphthyl, for example (Table 2), are n¼ 2 ET
reagents.


It was hypothesized at this stage that the dianions in
Table 2 were unable to act as mediators due to instability
of the reactive intermediate towards protonation. Further
investigations using CV at a macrodisk electrode were
performed. Figure 4 shows the voltammogram for
anthracene at �78 8C in THF (0.1M TBAP). The first
peak is electrochemically reversible (Ep¼�2.72V vs.
Fc/FcþPF�6 ) while the second peak, as expected, was
chemically irreversible (Ep¼�3.43V vs. Fc/FcþPF�6 ).
These results suggested that the dianion was being

Figure 3. Voltammetric response of methyl naphthalene-1-
carboxylate (3.3mM) in THF (0.1M TBAP) using a 5mm
(radius) platinum microelectrode recorded at a scan rate
of 10mV s�1 (at �78 8C)
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Figure 5. Voltammetric response of phenyl 3-phenylpro-
pylsulfide (8.2mM) in THF (0.1M TBAP), using a 5mm
(radius) platinum microelectrode and recorded at a scan
rate of 10mV s�1 (�78 8C)
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protonated by the solvent and supported the results
obtained from both the SET reactions where anthracene
gave 9,10-dihydroanthracene as the only product
(Table 2).


Steady-state voltammetry, cyclic voltammetry,
and microdisk chronoamperometry of the or-
ganic substrates. In order to compare fully the
synthetic experiments electrochemically, the reduction
of various organic substrates by electro-generated media-
tors was required and under the same experimental condi-
tions (THF, �78 8C). As above, the steady-state voltam-
metry of the iodide (trans-1-(3-iodopropoxy)-4-(methoxy-
methoxy)cyclohexane) (R-I), (trans-1-(3-bromopropoxy)-
4-(methoxymethoxy)cyclohexane) (R-Br), and (trans-
1-(3-chloropropoxy)-4-(methoxymethoxy)cyclohexane)
(R-Cl) was recorded and is shown in Fig. 4. The order of
ease of reduction was found to be: R-I>R-Br>R-Cl.
The sulfide, phenyl 3-phenylpropylsulfide (RSPh) was
also analyzed voltammetrically and the voltammogram
recorded is shown in Fig. 5. The sulfide, [(3-{[trans-4-
(methoxymethoxy)cyclohexyl]oxy}propyl)-thio]benzene
(R0SPh) has been previously analyzed.22 Table 3 sum-
marizes the half-wave potential data and where applicable
Tafel slope data are given. Finally, microdisk chron-
oamperometry was used to determine both n and D. For
all of these organic substrates n¼ 2. For all of these
compounds it can be observed that their reduction
potentials are all >�3.2V versus Fc/FcþPF�6 and so
mediation using aromatic molecules at lower potentials is
advantageous.


Next, mediation by anthracene and coulometric
experiments was required in order to confirm the theory

Figure 4. Voltammetric response of (a) trans-1-(3-iodopro-
poxy)-4-(methoxymethoxy)cyclohexane (R-I) (3mM); (b)
trans-1-(3-bromopropoxy)-4-(methoxymethoxy)cyclohexane
(R-Br) (3mM); and (c) trans-1-(3-chloropropoxy)-4-(methoxy-
methoxy)cyclohexane (R-Cl) (3mM) in THF (0.1M TBAP)
using a 5mm platinum electrode. Scan rate: 10mV s�1


(�78 8C)
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that radical anion mediators in THF (�78 8C) are able to
act as ET reagents in contrast to dianions which rapidly
protonate. By using voltammetry, the potential at the
working electrode can be controlled accurately and
therefore an assessment of the anion and dianion
separately can be made. Moreover, each organic substrate
being an n¼ 2 species allows the possibility for different
products based on direct versus mediated electrochem-
istry19 to be obtained.

Mediated electrochemistry and simulations


Using a similar procedure to our work involving
naphthalene as a mediator in THF (�78 8C)19 exper-
iments involving the sulfide, phenyl 3-phenylpro-
pylsulfide (RSPh) and anthracene as the mediator were

Figure 6. Cyclic voltammetry of anthracene (2.5mM), at
�78 8C in THF (0.1M TBAP) using a platinum electrode
(1mm) recorded at a scan rate of 250mV s�1
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Table 3. Organic substrates used in electrochemical analyses: Electrochemical parameters obtained from voltammetric
experiments performed at �78 8C


ET reagent
E1/2 (V) versus
Fc/FcþPF�6 n


D� 10�10


(m2 s�1)
Tafel


value (mV)


Phenyl 3-phenylpropyl sulfide


S


�3.53 2� 0.3 3.6� 0.2 128


R-I


O


O X


O


R = 


�3.25 2� 0.2 2.0� 0.1 207


R-Br


O


O X


O


R = 


�3.6 2� 0.3 2.1� 0.2 —


R-Cl


O


O X


O


R = 


�3.7 2� 0.2 1.9� 0.3 —
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performed. If our theory above was correct, then the first
wave should mediate whereas the second wavewould not.
The steady-state voltammetry for anthracene with and
without RSPh (at various concentrations) in THF
(�78 8C) is shown in Fig. 7(A). It was observed that
the wave height (E1/2¼�2.47V vs. Fc/FcþPF�6 ) corre-
sponding to the first ET increased upon additions of the
sulfide. These data are recorded in Table 4. In an
analogous experiment the mediation was performed at
�50 8C in THF and the results are shown in Fig. 7(B). As
for the �78 8C case, the wave increased upon addition of
the sulfide (Table 4).


If the proposed mechanism for the mediated ET
follows the well-established electrochemical EC mech-
anism, it may be successfully simulated by DIGISIM
software. The data used in the simulations (as for previous
investigations using naphthalene)19 were obtained from
the electrochemical analyses described above: E1/2, n, c,
and D values (Tables 2 and 3). For the �50 8C simula-
tions, the diffusion coefficient, D, for anthracene was
determined from the limiting current at a given tempera-
ture on the steady-state voltammogram of anthracene
reduction using Ilim ¼ 4nFDrc, where Ilim is the limiting
current, F is Faraday’s constant (96 485Cmol�1), r the
electrode radius, and c the concentration.D for the sulfide
was determined by calculating the activation energy, Ea,
for diffusion from a plot of ln Ilim vs: 1=T at a range of
temperatures followed by an Arrhenius-type calculation

Copyright # 2007 John Wiley & Sons, Ltd.

to obtainD at�50 8C. Using these parameters, which also
included the radius r of the electrode (5mm), initial
concentrations of species (1mM anthracene, fixed initial
concentration RSPh), temperature T (�78 8C, �50 8C),
transfer coefficient a values of 0.5, and scan rate v equal to
that of the experimental scan rate, simulations were
performed in order to obtain the kinetic parameters: ks and
kf (heterogeneous and homogenous rate constants,
respectively). The fits obtained at �78 and �50 8C are
shown in Fig. 8(A) and 8(B), respectively.


From these simulations, ks and kf values of ca. 1 cm s�1


and 60Lmol�1 s�1 were obtained for mediation by
anthracene at �78 8C. At �50 8C, ks and kf values of
1 cm s�1 and 100Lmol�1 s�1 were determined. The
limiting currents obtained by simulations are shown in
Table 4 and show excellent agreement to those obtained
experimentally. At higher temperatures, mediation was
not observed and no catalytic increases in the current
wave height were observed.

Coulometric experiments


To support the simulation and synthetic evidence that
anthracene mediates as the monoanion but not as the
dianion a number of electrolyses were performed.


Phenyl 3-propylsulfide (RSPh) was reduced in the
presence of anthracene on a preparatory scale using
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Figure 7. A: Voltammetric response of (a) anthracene
(1mM) in THF (0.1M TBAP), using a 5mm (radius) platinum
microelectrode recorded at a scan rate of 10mV s�1 andwith
phenyl 3-phenylpropylsulfide (b) 12mM (5mV s�1), (c)
16mM (2mV s�1), and (d) 31mM (2mV s�1) at �78 8C. B:
Voltammetric response of (a) anthracene (1mM) in THF
(0.1M TBAP), using a 5mm (radius) platinum microelectrode
recorded at a scan rate of 10mV s�1 and with phenyl
3-phenylpropylsulfide (b) 9.4mM (5mV s�1) (c) 18.3mM
(5mV s�1), and (d) 26.8mM (5mV s�1) at �50 8C


Figure 8. A: Overlay of (a) the theoretical simulation result
(solid line) with (b) (dashed line) the RSPh response (23mM,
scan rate 5mV s�1, 5.0mm (radius)). Parameters used for the
simulations were as follows: T¼�78 8C, a¼ 0.5,
Danthracene¼2.9�10�6 cm2 s�1, DRSPh¼3.6� 10�6 cm2 s�1,
ks¼1 cm s�1, kf¼ 60 Lmol�1 s�1. B: Overlay of (a) the theor-
etical simulation result (solid line) with (b) (dashed line) the
RSPh response (18mM, scan rate 5mV s�1, 5.0mm (radius)).
Parameters used for the simulations were as follows:
T¼�50 8C, a¼0.5, Danthracene¼5.7� 10�6 cm2 s�1,
DRSPh¼8� 10�6 cm2 s�1, ks¼1 cm s�1, kf¼ 95 Lmol�1 s�1


Table 4. Comparison of limiting currents observed at different temperatures and concentrations of RSPh with simulated
currents


Temperature (K) kf (Lmol�1 s�1) [RSPh] (mM) Ilim (experimental) (nA) Ilim (simulated) (nA)


�78 8C 60 0 0.58 0.58
12.01 0.67 0.73
16.12 0.75 0.76
23.16 0.82 0.80
30.79 0.84 0.84


�50 8C 95 0 1.13 1.13
9.37 1.48 1.48
18.3 1.61 1.62
26.83 1.73 1.72
34.94 1.79 1.81
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Table 5. Controlled-potential, bulk electrolyses in THF (0.1M) at �78 8C


Starting material Mediator
Number of
electron(s), n


Potential versus
Fc/FcþPF�6 (V) Product(s) isolated


Phenyl 3-phenylpropylsulfide (RSPh) Anthracene 1 �2.7 Phenyl disulfide (PhS-SPh)a


RSPh Anthracene 2 �3.5 No reduction
Anthracene None 2 �3.3V 9,10-Dihydroanthracene
RSPh None 2 �3.7 Thiophenol; propylbenzene


(PhSH; Ph(CH)2CH3)
a


trans-1-(3-Iodopropoxy)-4-
(methoxymethoxy)cyclohexane (R-I)


None 2 �3.2 trans-1-(Methoxymethoxy)-4-
propoxycyclohexane (R-H)a


Products isolated.
a Characterization of PhS-SPh and RH has been described previously.19,30


MEDIATED ELECTRON TRANSFER 741

controlled-potential electrolysis. For electro-generation
of the radical anion of anthracene the potential was held at
�2.7V (vs. Fc/FcþPF�6 ) (Table 2). Notably, this value is
lower than the value for the direct reduction of the sulfide,
Table 3. The results of the electrolysis are shown in
Table 5. The indirect reduction of RSPh gave the product
diphenyl disulfide (PhS-SPh) as obtained using naphtha-
lene19 as the mediator and distinct from the thiol which is
obtained from direct reductions of the sulfide, RSPh
(Table 5).


Following this, a second electrolysis was performed
whereby the potential was held constant at�3.7V (vs. Fc/
FcþPF�6 ) corresponding to the formation of the dianion of
anthracene. No reduction products were obtained from
this experiment.


Finally, the potential of a solution of anthracene only
was held constant at �3.7V (vs. Fc/FcþPF�6 ). The results
are shown in Table 5. The formation of 9,10-dihydro-
anthracene was evident with the protons likely to be
coming from both the supporting electrolyte and solvent.
These data support our finding above in that the dianion is
too reactive within the timescale required for mediation,
whereas the radical anion is stabilized to some extent by
the lower temperature, enough to mediate.


The SET reactions were repeated using the iodide and
sulfides listed in Tables 1–3 using a stoichiometric
amount of lithium. The results showed that, although not a
high percentage yield of reduced product, anthracene and
2,20-dimethoxy-1,10-binaphthyl, for example, can med-
iate at the monoanion level.

CONCLUSIONS


We posed three questions at the outset of this paper. First,
what makes a mediator effective as a reducing reagent?
Second, is it possible to ‘selectively’ mediate with either
(a) a monoanion or (b) a dianion to yield, for example, a
monomeric or dimeric product, respectively. Third, how
does a synthetic-mediated ET reaction compare to that of

Copyright # 2007 John Wiley & Sons, Ltd.

a direct electrochemical reaction whereby the electrode
serves as the electron source?


First, in regard to the behavior of the different
mediators, naphthalene and DBB are known to be by
far the most effective mediators. Table 1 shows that the
radical anions of these species are thermodynamically
more powerful reducing reagents than the aromatic arenes
of all the other mediators investigated as shown by their
formal potentials (Tables 1 and 2). It is likely that this is a
reason for their greater effectiveness. Second, the use of a
dianion to bring about a mediated two-electron process
appears to be synthetically of no use since the dianions are
much more basic species than the monoanion, so that
attempts at mediation at the dianion level result in the
abstraction of protons from the solvent in preference to
the reduction. Third, direct electroreduction of iodides
and sulfides is a two-electron process, contrasting to the
one ET seen using mediators. This complementarity of
direct and mediated reduction is a potentially useful
synthetic strategy.
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ABSTRACT: For hexanoic acid and its seven isomers, relative rates have been determined for acid catalysed
esterification with methanol, and compared with those for saponification of the methyl esters. A good correlation
between logarithms of relative rates for the two reactions is obtained, and it is suggested that the eight isomers provide
a test set of compounds in which steric effects alone act on reactivity at the acyl carbon. A full set of steric parameters
(E0


s values) are presented. Rates of solvolyses of the acid chlorides of the isomers have been determined
conductometrically in 3:1wt:wt acetonitrile water. Logarithms of relative rates show a poor correlation with E0


s,
and, taking into account the solvent dependence of the rates, the pattern excludes both rate-limiting formation of a
tetrahedral intermediate and rate-limiting dissociation of chloride to form acylium ions. The remaining possibilities, a
concerted process (AND


z
N) and rapid reversible formation of a hydrate followed by rate-limiting dissociation of


chloride (ANþD
z
N) are considered. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: aliphatic carboxylic acids; esters; acid chlorides; hydrolysis; steric and electronic effects; reaction


mechanism; kinetics

INTRODUCTION


Mechanisms of hydrolysis of simple esters and amides
(RCO.X) usually involve formation and collapse of
transient high-energy tetrahedral intermediates,1 whose
lifetimes and protonation states depend on the nature of
the leaving group (X) and the acidity of the aqueous
medium.2 Many of the characteristics of hydrolyses of
aliphatic acid chlorides (X——Cl)3 however, are difficult to
reconcile with this sequence. Early studies of solvolyses
of acetyl chloride, for example, showed that plots of
logarithms of rates in dioxan:water4 or acetone:water5


mixtures against Grunwald–Winstein Y values of the
mixtures are linear over a wide range of solvent
compositions. A high value (m¼ 0.81) for the slopes
of the lines is consistent with mechanistic homogeneity
across the range of solvent compositions, and with
developing positive charge in the acyl portion of the
active complex, rather than the reverse. More recent
studies by Bentley et al. have confirmed the behaviour of
acetyl chloride, and shown that selectivities in product
formation when solvolyses are carried out in ethanol:-
water mixtures are only weakly dependent on solvent

to:C. I. F.Watt, School of Chemistry, The University
anchester M13 9PL, UK.
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composition,6 again consistent with a constant mechan-
ism over the solvent range.


For some higher aliphatic acid chlorides, Grunwald–
Winstein plots show curvature.7 With pivaloyl chloride in
acetonitrile:water mixtures, for example, m increases
from 0.66 to 1.07 as the water content is increased from
10 to 70% vol:vol. This has been taken to signal
mechanistic variation in response to variation in medium,
occurring either as a change in rate-limiting step of a
multi-step process, or a shift in the balance between
competing pathways. The latter interpretation is sup-
ported by the observation that, when the solvolysis is
carried out in ethanol:water mixtures, product selectivity
decreases from 1.94:1 in favour of the ester in 80%
ethanol to 1:1 in the more polar 30% ethanol.


Plausible hydrolysis mechanisms include rate-limiting
formation of an acylium ion (Fig. 1A), rapid reversible
formation of hydrate followed by rate-limiting dis-
sociation of chloride (Fig. 1C), and a loose concerted
process (Fig. 1B).


Responses to substituents have been used effectively to
probe mechanisms of hydrolyses of acid chlorides in the
aromatic series. Variation of reactivity for hydrolyses in
the aliphatic series has been less well characterised8


although Kevill et al.9 have examined reactions of acetyl
chloride bearing either methyl or chloro substituents with
phenol and methanol in acetonitrile, and argue in favour
of a concerted mechanism (Fig. 1B with methanol or
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Figure 1. Possible mechanisms for hydrolyses of acid chlorides
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phenol rather than water as the nucleophile), with
substituents in the alkyl group modulating the tightness
of the transition structure. Bentley et al.10 have argued
similarly and presented kinetic solvent isotope effects for
methanolysis of acetyl chloride and pivaloyl chloride
(kMeOH/kMeOD¼ 1.32 and 1.46, respectively at 08C). They
argue that these are too small to be compatible with rapid
reversible formation of tetrahedral intermediate (Fig. 1C),
although the deuterium fractionation factors11 for hydron
attachment to neutral and charged oxygen (1.0 and 0.69,
respectively) point to a maximum equilibrium solvent
isotope effect, KH/KD¼ 1.45, for formation of the
protonated carboxylic acid, which is not incompatible
with the values given by Bentley. Mechanism C has not
found recent favour although Hudson suggested it as a
possibility in hydrolysis of acetyl chloride4 and it has
been considered for hydrolysis of alkylchloroformates12


and even for hydrolyses of benzoyl chloride.13


In this work we examine the hydrolyses of chlorides of
hexanoic acid (Fig. 2) and its seven isomers and compare
the response to structural variation with that in
acid-catalysed formation of their methyl esters and in
saponification of these esters.


These compounds sample the basic branching patterns
within their alkyl residues, and by working with isomers,
we eliminate ponderal effects on relative reactivities, and
hope to reduce, and possibly eliminate, contributions
which might arise from differential solvation of the
hydrocarbon portions of the acids and their derivatives.
Variations in rates of formation14 and cleavage15 of

Copyright # 2007 John Wiley & Sons, Ltd.

methyl esters of the lower straight chain acids, or in
esterifications of acetic acid by a range of straight chain
alcohols16 have been associated with these effects. It has
been suggested17 that basicity orders in protonation of
simple esters are affected by such solvation differences,
and similar effects seem to operate in protonations of
ketones.18 These are likely to be most evident in aqueous
solution, and we attempt here to put an upper limit on
their contribution within this isomer set.


The detailed description of hydrophobic solvation
remains a matter of some controversy,19 but it seems clear
that solvation energies for hydrocarbons in water are
linked closely to the surface area of the cavity generated
by the hydrocarbon in the medium. The relevant molar
volumes are experimental quantities, and application of
the empirical group additivity scheme developed by
Lepori and Gianni20 for calculation of van der Waal’s
volumes and partial molar volumes of organic compounds
in water shows that both measures are structure invariant
(85.02� 0.10 and 53.85� 0.06 cm3mol�1, respectively
for the eight isomers). Surface areas are not similarly
available from experiment, and estimates rely on
calculations using, for example, bond lengths and atomic
radii taken from crystallographic sources.21 Such
calculated surface areas depend on the conformation
adopted by the molecule and on the extent of branching.
For n-pentane for example, calculated molecular surface
areas are 286.97, 280.63 and 273.18 Å2, for confor-
mations with 0, 1, and 2 gauche relationships, and for
isomeric hydrocarbons, n-pentane, 2-methylbutane and
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Figure 2. Structures of the isomers of hexanoic acid (X——OH) and derivatives (X——OMe or Cl) and numbers of b, g, and d
carbons in the alkyl residues
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OMe
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O


O−
+   MeOH


Figure 3. Acid catalysed esterification and saponification of
methyl esters
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neo-pentane, areas range from 286.97 to 269.72 Å2, a
spread of 16.65 Å2


. This residual variation is small
compared to the average increase in the surface areas of
the n-alkane series of 31.8 Å2 for addition of a
single CH2-group. It has been estimated that the effects
of surface area on solvation energies of hydrocarbons in
water are ca. 0.16 kJÅ�2mol�1 so that the differential
solvation associated with the isomerism within the C5


hydrocarbon residues is 2.65 kJ �mol�1. If all of this was
expressed in reactivity it might account for a relative rate
factor of 3.02, and we consider that eventuality to be
extremely unlikely.

FORMATION AND SAPONIFICATION OF
THE METHYL ESTERS


Any discussion of the effects of structural variation in the
series reasonably starts from the two-term Taft
equation,22 which separates steric (Es) and polar (s�)
contributions for the alkyl substituents.


logðk=koÞ ¼ r�s� þ dEs (1)


Unfortunately, values of Es and s
� are not available for


all eight of the alkyl groups in the isomer set and where
they are, the experimenter is presented with a surfeit
of values, often showing some disagreement.23 Values of
these constants are extracted from comparison of
reactivities in acid-catalysed esterification or hydrolyses
with those in saponification of the esters. Since both acids
and esters were available to us, we have made our own
measurements on the set of isomers using methyl esters
(Fig. 3).

Copyright # 2007 John Wiley & Sons, Ltd.

Identical reaction conditions (solvent, catalyst,
temperature) across the series were assured by using a
mixture of all the acids or esters in the same reaction
mixture, equilibrated to 308C, and monitoring the course
of reaction by periodic sampling and GLC analysis on a
column previously shown to resolve all eight isomeric
esters. For the esterifications, reaction was initiated by
adding a drop of concentrated sulphuric acid to a solution
of the esters in methanol. For saponification, reaction was
initiated by adding a mixture of the esters to a 12-fold
excess of potassium hydroxide in 5:95 vol:vol aqueous
methanol. For both esterifications and saponifications first
order behaviour was found and rate constants and
logarithms of rates relative to n-hexanoic acid or methyl
n-hexanoate, isomer 1, are presented in Table 1.


Taft and Ingold originally suggested that polar effects
in acid catalysed esterifications should be minimal, with
any effect on the initial reversible protonation step being
countered by that on the reactivity of the resultant
carbocation in the nucleophilic addition of water. Thus,
the esterification reaction defines steric substituent
constants, Es, with d¼ 1 in relationship (2).


logðk=koÞ ¼ dEs (2)
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Table 1. Rate constants for formation and saponifications of methyl esters of the isomeric acids, RCOX (X——Ome or OH) at
308C and related parameters


RCO.X


Esterifications Saponifications Substituent constants


104 kobs min�1 Log krel 104 kobsmin�1 Log krel E0
s
a s�c


1 269 (�7) 0.000 356 (�10) 0.000 �0.31 �0.130
2 286 (�10) 0.027 379 (�9) 0.027 �0.32 �0.115
3 46.7 (�1.3) �0.760 77.1 (�2.7) �0.664 �0.97 �0.132
4 41.9 (�1.0) �0.808 54.4 (�1.5) �0.816 �1.06 �0.157
5 8.18 (�0.19) �1.517 20.5 (�1.1) �1.240 �1.63 �0.098
6 4.76 (�0.08) �1.752 7.70 (�0.28) �1.665 �1.82b �0.192
7 3.86 (�0.07) �1.843 5.30 (�0.15) �1.827 �2.00 �0.185
8 1.95 (�0.04) �2.140 2.74 (�0.08) �2.114 �2.28 �0.188


a From reference 24.
b Calculated in this work, see text.
c s� (calc)¼ (Logkrel(sapn)—E0


s þ 0.632)/2.48.
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Dubois cogently criticised24 the original set of Es


parameters, pointing out that they averaged data for
hydrolyses and formation of both ethyl and methyl esters
under a range of conditions, and were based on an
assumption that the various reactions showed the same
sensitivity to steric effects. To remedy this, he presented
an extensive set of measurements for esterifications of
aliphatic carboxylic acids in methanol at 408C, using
these to define a new parameter denoted E0


s. Values are
available for all compounds in our isomer set (Table 1)
except for 6, and as might be expected, logarithms of rate
relative to 1 (krel) obtained for those seven acids in this
work give an good linear correlation with Dubois’ E0


s


values, Eqn (3), with R2¼ 0.998, which allows us to add a
value of E0


s ¼�1.82 for the alkyl group (i-PrCHMe) in 6
to Dubois’ tabulation.


log krelðesterificationÞ


¼ 1:102 �0:021ð Þ � E
0


s þ 0:336 0:030ð Þ (3)


The behaviour of the ester saponifications is remark-
ably similar. A plot of logarithms of relative rates for the
saponifications of the methyl esters against those the
acid-catalysed esterification with methanol is shown later
in Fig. 6 and a linear least squares fit yields Eqn (4) with
R2¼ 0.988.


log krelðsaponificationÞ


¼ 0:963 �0:044ð Þ � log krelðesterificationÞ


þ 0:021 �0:056ð Þ (4)


The good correlation, near unity of slope and near zero
intercept emphasises the small contribution made by the
r�s� term in the Taft equation for this set of compounds in
this reaction. A value of r�¼ 2.48 was originally chosen
for the ester saponification reactions used to obtain values
for s� (for comparability with r-values for saponification
of methyl and ethyl esters of substituted benzoic acids)

Copyright # 2007 John Wiley & Sons, Ltd.

and use of that value with our saponification data and
Dubois’ E0


s constants yields a set of s
�-values for the alkyl


groups in the isomer set, relative to isomer 1. Taking s�


for the n-pentyl residue to be that same as for n-butyl
(�0.13)25 from the original set, and E0


s ¼�0.31 permits
calculation of log (khexanoate/kacetate)¼�0.632 for the
ester saponification, in turn permitting scaling to
comparability with existing s� values. These values are
presented in Table 1. We find a rather smaller span
(Ds�¼ 0.09) than might have been expected from
literature values available for isomeric C4H9 alkyl groups
(Ds�¼ 0.2) but the trend is similar. Uncertainties in
individual s�-values26 are comparable with their total
span, so that the only safe conclusion here is that the
variation of s� for these alkyl groups is very small, a
conclusion supported by evidence from calorimetry27 on
carbocation formation, and from the effects of remote
alkyl substitution on solvolytic reactivity of bridgehead
halides.28 It seems that steric effects in acidic and basic
hydrolyses of methyl esters are indeed equivalent for this
set of isomers, one of the basic assumptions of the
Taft-Ingold equation, and one which does not seem to
hold when alkyl groups are placed at o-positions in
benzoic acids and their esters.29


We have also analysed the response of reactivity to the
branching pattern within the alkyl chain of the isomers in
a reduced version of the topological approach used by
Dubois.30 For this, we have counted the number of carbon
atoms at b-, g- and d-positions in each isomer (tabulated
in Fig. 2), and then used multiple linear regression to
obtain best values for parameters in Eqn (5), which
ignores the contribution from the e- carbon, since only
one isomer (hexanoic itself, 1) has an e-carbon. Values,
standard deviations and correlation coefficients are
presented in Table 2.


log krel ¼ Bbþ Cg þ Ddþ Const (5)


This crude treatment affords moderately good corre-
lations (R2> 0.987) and yields comparably large negative
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Table 2. Parameters from multiple regression to Eqn (5)


Reaction B C D Constant R2


Esterifications �1.111 (�0.083) �0.853 (�0.083) 0.080 (�0.106) 2.126 (�0.278) 0.991
Saponification �1.117 (�0.097) �0.738 (�0.097) 0.080 (�0.106) 2.000 (�0.327) 0.987
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values for both B and C in both reactions, signalling that
branching at both a- and b-positions is strongly rate
inhibiting, a pattern compatible with the largely steric
origin31 of E0


s.

H2O  + R C
O


Cl
R C


O


OH
+   H+  +  Cl−


Figure 4. Hydrolysis of acid chlorides

HYDROLYSES OF THE ACID CHLORIDES


For comparability with the studies of Bentley et al. we
have examined the hydrolyses of the acid chlorides in
3:1wt:wt acetonitrile:water, that solvent composition
being chosen to give easily measurable rates and to
exclude complications of slow solution which became
evident with these C6-acid chlorides when the water
content approached 50%. Reactions were monitored

Table 3. Rate constants and activation parameters for hydrolyses


Compound (X——Cl) T/C 102k


1 �1.1 5.49
4.4 9.31
9.4 15.5
10.0a 16.4


2 �0.1 5.79
8.2 13.3
13.3 21.6
10.0a 15.8


3 �0.1 6.33
7.8 14.0
15.8 28.0
10.0a 16.8


4 3.4 2.64
11.5 5.57
18.4 9.95
10.0a 4.83


5 �1.6 8.96
5.5 18.8
10.4 28.3
10.0a 27.8


6 1.1 2.34
8.0 4.40
15.7 9.09
10.0a 5.40


7 5.5 2.10
12.3 4.01
18.4 6.09
10.0a 3.16


8 9.4 1.00
17.7 2.13
25.5 4.26
10.0a 1.06


a Calculated values and 90% confidence limits.
b Values are the means of at least two determinations whose values differed by l
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conductometrically, a method which effectively follows
release of HCl during the hydrolysis (Fig. 4).


With the apparatus available, reactions at 308C were
too fast for us to follow for all but isomer 8. First
order rate constants determined at lower temperatures
and activation parameters are collected in Table 3.
To avoid uncertainties associated with long extrapol-
ations, rate constants at 108C have been calculated and
included in the table for use in comparisons with the rate

of the isomeric acid chlorides in 3:1wt:wt acetonitrile:water


obs
b s�1 Activation parameters


DH 6¼ ¼ 61.5 (�1.8) kJmol�1


DS 6¼ ¼�42.4 (�6.6) J K�1mol�1


(�1.3)
DH 6¼ ¼ 61.6 (�0.5) kJmol�1


DS 6¼ ¼�42.3 (�1.6) J K�1mol�1


(�0.6)
DH 6¼ ¼ 59.2 (�2.0) kJmol�1


DS 6¼ ¼�50.4 (�7.0) J K�1mol�1


(�1.9)
DH 6¼ ¼ 57.0 (�0.4) kJmol�1


DS 6¼ ¼�68.3 (�1.5) J K�1mol�1


(�1.3)
DH 6¼ ¼ 59.4 (�3.4) kJmol�1


DS 6¼ ¼�45.3 (�12.2) J K�1mol�1


(�3.8)
DH 6¼ ¼ 58.9 (�1.3) kJmol�1


DS 6¼ ¼�60.7 (�4.6) J K�1mol�1


(�0.30)
DH 6¼ ¼ 53.5 (�4.3) kJmol�1


DS 6¼ ¼�84.4 (�14.9) J K�1mol�1


(�0.64)
DH 6¼ ¼ 60.3 (�0.6) kJmol�1


DS 6¼ ¼�69.4 (�2.1) J K�1mol�1


(�0.13)


ess than 5%.
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data for formation and saponifications of the methyl
esters.


While mechanisms for the esterification and ester
saponification are expected to be invariant to structural
variation for this series, the same may not be assumed for
the hydrolyses of the acid chlorides. The activation
parameters give no obvious indication of mechanistic
change but we note that entropies of activation (see
Table 3) are similar for isomers which do not have
branching at the a-carbon, with an average value of DS6¼


for 1, 2, 3 and 5 of�45.1(�3.8) J K�1mol�1, while those
for 4, 6, 7,and 8 are significantly more negative and have
larger spread with an average of
�70.7(�9.9) JK�1mol�1. We return to this point later.
The possibility of significant mechanistic variation was
further tested by examining the dependence on solvent
polarity of rates of hydrolysis of three of the acid
chlorides, 5, 7, and 8 (X——Cl), representative of the
different branching situations at the a-carbon. Rates were
determined in four acetonitrile:water mixtures over the
composition range 9:1 to 6:4 (vol:vol) acetonitrile:water.
The data are presented in Table 4 and Fig. 5 shows plots of
logarithms of rate constants against the Grunwald–
Winstein Y values for these solvents determined by
Bentley et al.32 The behaviour closely resembles that
found by Bentley et al.7 for solvolyses of pivaloyl
chloride, with linearity (R2> 0.999) and high slopes
(m¼ 0.67, 0.68, and 0.70 for 5, 7, and 8, respectively) for
the three least aqueous mixtures, and indication of
upward curvature in the 60:40 mixture. Since the Y values
are based on the solvolyses of t-butyl chloride, they
incorporate a component from solvent nucleophilicity as
well as ionising power. However, solvent nucleophili-
cities, as measured by NT


33 or N1
34 parameters are very


similar over the range examined, and slopes therefore do
indeed provide a measure of response to ionising power.35


The evidence does not support any major shifts in the
nature of charge development within the series, although
we note the weak increasing trend in values of m with
decreasing reactivity. In the case of 5, a reaction was also
run in a 3:1wt:wt acetonitrile:D2O for product analysis
which established a complete absence of deuterium
incorporation in the recovered acid.

Table 4. Rate constants for solvolyses of acid chlorides of 5, 7,


Solventa AN:water Yb 5


9:1 1.23 1.53� 10
8:2 0.14 8.01� 10
7:3 0.53 2.30� 10
6:4 1.00 5.54� 10


aVolume:volume at 258C before mixing.
b From reference 7.
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DISCUSSION


Consideration of the data in Table 3 reveals clear
differences between behaviour of the acid chlorides and
ester formations and saponifications. Firstly, while the
least reactive isomer is 2,2-dimethylbutanoyl 8 for all
three reactions, and hexanoyl 1 and 4-methylpentanoyl 2
are equally most reactive in the ester formations and
saponifications, the most reactive acid chloride is
3,3-dimethylbutanoyl 5 being ca. 1.7-fold more reactive
than hexanoyl chloride 1. Since the corresponding acid
was less reactive than hexanoic acid by a factor of 0.03 in
esterifications, a factor of 53 separates the effects of this
alkyl residue in the two different reactions. Secondly, the
span of reactivities of the acid chlorides is much reduced,
being only 26-fold from 5 to 8 (X——Cl) as opposed to
140-fold in the acid esterifications.

and 8 in acetonitrile:water mixtures at �1.78C


102 kobs s
�1


7 8


�2 1.66� 10�3 4.84� 10�4


�2 9.62� 10�3 2.59� 10�3


�1 2.62� 10�2 8.34� 10�3


�1 6.71� 10�2 2.10� 10�2
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More quantitatively, correlation between logarithms of
rates for the acid chloride hydrolysis and E0


s (or
logarithms of relative rates of the saponifications) is
very poor (R2¼ 0.455, Eqn 6). Correlation with both E0


s


and s� yields Eqn (7) with marginally improved
correlation, R2¼ 0.797, showing, apparently, a weak
dependence on the steric contributions and a very large
positive value of r�¼ 10.302.


log krelðchlorideÞ


¼ 0:431 �0:192ð Þ � E
0


s þ 0:217ð�0:284Þ (6)


log krelðchlorideÞ


¼ 0:104 �0:171ð Þ � E
0


s þ 10:302 �3:543ð Þs�


� 1:334ð�0:429Þ (7)


This relationship serves only to re-emphasise the
absence of correlation with the steric parameter, and the
very small variation of the polar parameter within
the series. In fact, large negative values of r� would be
anticipated. Indeed, Kreevoy and Taft36 have reported
r�¼�3.7 for acid catalysed acetal hydrolysis, and Kwart
and Price37 report r¼�2.2 for lyonium ion catalysed
hydrolyses of aromatic ortho esters, both reactions in
which positive charge development occurs at the central
carbon. Kevill and Kim38 have noted that the Taft
equation does not yield chemically sensible correlations
for rates of ethanolyses of a range of acid chlorides.
Figure 6 compares the good linear correlation of
logarithms of relative rates for saponifications with the
acid-catalysed esterification and the poor correlation of
logarithms of relative rates for the chloride solvolyses
with the same data set.
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Figure 6. Plot of logs of relative rates for saponification of
methyl esters at 308C (*) and for hydrolyses at 108C of acid
chlorides (^) against logs of relative rates for acid-catalysed
formation of the methyl esters at 308C
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Before proceeding further, we re-emphasise the small
span (27-fold; DDGz ¼ 8.3 kJ �mol�1) of reactivities to be
explained.


The absence of correlation with E0
s is difficult to


reconcile with a common mechanism involving rate
limiting addition to form a tetrahedral intermediate (as is
the observed solvent dependency). Given the weight of
evidence that alkyl groups are weakly electron donating
in their polar interactions, the pattern also excludes the
mechanism involving rate-limiting formation of acylium
ions (Fig. 1A) across the series. In that case, the ordering
of reactivities should be reversed, with both steric and
residual polar effects favouring the dissociation of the
chloride with increased branching next to the acyl group.


Again, as noted earlier, mechanism C, the (ANþD
z
N)


process, has not found recent favour, but we explore the
possibility that the reactivity pattern (i.e. the substituent
effect on reactivity and the dependence on medium) is
consistent with it.


We note firstly that rapid reversible formation of a
hydrate followed by rate limiting dissociation of chloride
is qualitatively consistent with the reduced span of
reactivities. Steric effects from the variation of the alkyl
group will operate in opposite senses on the two separate
steps of the reaction, and a reduced span requires only that
the sensitivity for formation of the hydrate is larger than
for its dissociation. This could not alone account for the
very poor correlation shown in Fig. 6, but we have already
noted a possible distinction, based on activation
parameters, between the group of isomers which do
not have branching at the a-carbon (1, 2, 3 and 5) and
those which do (4, 6, 7 and 8) and note now that the
pattern of rates also supports this separation. For isomers
1, 2, 3 and 5, rates are relatively close, (average is
1.11� 0.31 s�1 at 308C), while for 4, 6, 7,and 8, the range
is from 6.16 to 30.0 s�1, a factor of 4.8. This separation
might be reconciled with mechanism of Fig. 1C if the
nature of the analytical method used to follow the reaction
is taken into account. Conductometry monitors appear-
ance of HCl, and the reaction stoichiometry requires that
this equals the amount of carboxylic acid. Covalently
bound forms of chloride, that is, the acid chloride and its
hydrate are not distinguished and the method can only
give an indication of their total loss as reaction proceeds.
If an initial equilibration of acid chloride and its hydrate
(governed by KHyd), is sufficiently fast compared to the
dissociation of chloride from the hydrate, governed by
kdiss, then the pseudo-first order rate constant measured by
the conductometry is given by Eqn (8). In the extremes, if
KHyd� 1 then kobs¼ kdiss and if KHyd� 1, the kobs¼
KHyd. kdiss.


kobs ¼
KHyd


1þ KHyd


� �
kdiss (8)


If our first group of isomers (1, 2, 3 and 5) are those
where KHyd is sufficiently large for kobs� kdiss, then the
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observed small rate change in the series represents a
response to branching at more remote positions, that is, in
the equation log kdiss¼ ddissE


0
s, ddiss has a small negative


value. For the second group, the a-branching reduces
KHyd. Relative reactivities continue to depend weakly on
kdiss, but this will be countered by the effect of steric bulk
of the alkyl group on the formation of the hydrate, that is,
in the equation log KHyd¼ dHydE


0
s, dHyd has a positive


value, but its contribution is also variable because of the
form of the Eqn (8) so the relationship between
logarithms of relative rates and E0


s will be curved rather
than linear. For illustration only, the dashed curved
line in Fig. 6 was generated assuming values of
kdiss¼ 16.4� 10�2 s�1 and KHyd¼ 50 and for hexanoyl
chloride with dHyd¼ 1.7 and ddiss¼�0.3. As a qualitative
description, this has possibilities, but difficulties remain
arriving at a fully quantitative treatment using the
tabulated values of E0


s, the most important of which,
evident in Fig. 6, is the overlap between the two groups
which occurs with isomers 5 (E0


s ¼�1.63) and 4
(E0


s ¼�1.06). If E0
s values were simply expressed in


the equilibrium formation of a hydrate, then 4 should
belong to the first group and 5 to the second, rather than
the reverse. There is no easy way out of this contradiction,
but we note that E0


s values reflect relative energies of
transition structures in the formation of tetrahedral
adducts, rather than of the adducts themselves. Steric
demand is unlikely to be identical, and branching at the
b-positions, which we have shown earlier to contribute
significantly to E0


s, may be more important in transition
structures than in the adducts.


For the (ANþD
z
N) mechanism to be viable there also


must be reasonable indication a) that equilibria for
hydrate formation are moderately favourable, b) that the
initial equilibrium is established sufficiently quickly, and
finally, c) that reversion of hydrate to acid chloride might
be competitive with dissociation of chloride from the
hydrate to yield product.


We can find no directly relevant experimental studies
yielding values for the equilibrium constant for hydrate
formation, but note that a recent computational study39


found the addition of methanol to acetyl chloride to yield
1,1-dihydroxyethyl chloride in the gas phase was
exothermic by 4.4 kcal �mol�1. This is hardly strong
support, but we also draw attention to hydration
behaviour of ketones and aldehydes.40 Equilibrium
constants respond to electron deficiency in the carbonyl
substituents by increasing from 1.4� 10�3 for acetone to
35 for 1,1,1-trifluoroacetone41, with rate constants for the
spontaneous addition of water ranging from 8.5� 10�6 to
9.1 s�142. Effects for aldehydes are even more pro-
nounced. Hydrate formation for trichloracetaldehyde has
K¼ 2.8� 104,43 and a rate constant of 450 s�144. These
are for reactions in water, and a true comparison with the
behaviour of hexanoyl chloride and its isomers would
require extrapolations of both temperature and solvent
composition, both of which introduce large uncertainties.

Copyright # 2007 John Wiley & Sons, Ltd.

A less extreme extrapolation of Hudson’s data4 gives
k¼ 1100 s�1 for the hydrolysis of acetyl chloride. This is
not an isomer of hexanoic acid and the unquantified
effects of differential hydration complicate interpretation,
but it is difficult to reconcile this rate with the available
data for hydration of ketones. The C—Cl bond in acid
chlorides is, however, rather longer than the C—Cbond in
ketonic models so that steric hindrance to nucleophilic
attack at the carbonyl of an acid chloride is reduced, and
their hydration behaviour may be closer to that of
aldehydes than ketones in which case the discrepancy
between reactivities is much reduced.


Reversibility of the hydration is testable by O18


incorporation in recovered acid chloride when reactions
are run in H2O


18. To our knowledge, experiments of this
type have not been run on aliphatic acid chlorides, but
Bunton et al.45 measured O18 incorporation during the
hydrolyses of benzoyl, p-toluyl and mesitoyl chlorides in
dioxan-water mixtures. Incorporations are low, but not
vanishingly small. For example for benzoyl chloride in
33% water, khyd/kex¼ 18. Bunton offers no estimates of
uncertainties, but is able to state with certainty when no
incorporation is found (for example in acid catalysed
hydrolysis of benzamide). It is not clear to us how
measurements on the aromatic series relate to the
behaviour of aliphatic compounds, but the finding of
any incorporation challenges mechanisms A and B. We
suggest that neither this experiment, nor the comparison
with the behaviour of acetyl chloride absolutely exclude a
mechanism involving hydrate formation.


The more difficult point concerns the partitioning of
hydrate between water loss (in reverting to acid chloride),
and dissociation of chloride ion. The rate constants found
for hydrolysis of hexanoyl chloride are k¼ 0.16 s�1


(108C) or 0.64 s�1 (258C).With an (ANþD
z
N) mechanism


operating as considered above, thesewould be identifiable
with rate constants of dissociation of chloride ion from
the hydrate. For t-butyl chloride in 80:20 vol:vol
acetonitrile:water,32 k¼ 6.6� 10�6 s�1, so that the acid
chloride is about 105 more reactive than t-butyl chloride.
Even with some correction for the nucleophilic com-
ponent in the t-butyl chloride solvolysis, the ratio would
largely arise from the effect on carbocation stability of
replacing two methyl groups at the reactive site by two
hydroxyl groups. It is difficult to anticipate the effect of
such a structural change on carbocation stability, but
values of s� for hydroxyl group around 1.423 so that, if
effects are additive, the value of r� required to reproduce
the rate ratio is only 1.8. This seems much too low, and we
note that Steenken and McClelland46 have found r�� 4.4
for capture of water by dialkoxyalkyl cations. If
applicable to chloride loss from an acid chloride hydrate,
the predicted rate ratio is over 1010. The discrepancy is
difficult to reconcile with the intermediacy of dihydrox-
yalkyl cation.


As noted earlier, the bimolecular, concerted process
(mechanism Fig. 1B), is currently accepted for solvolyses
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of simple aliphatic acid chlorides. Our observations do
not challenge this view. The distinct difference in steric
requirements of tetrahedral intermediate formation
(nucleophilic attack perpendicular to the trigonal plane)
and concerted displacement at trigonal carbon (nucleo-
philic attack in the trigonal plane), might account for the
poor correlation of logarithms of rates with E0


s, especially
if the transition structure is a loose one, and we suspect
that any computational method could be parameterised to
reproduce the result.

CONCLUSIONS


We have presented evidence that the relative reactivities
of derivatives of hexanoic acid and its isomers reflect only
steric effects associated with the structural variation of the
alkyl groups. Since these readily available isomers offer a
representative sample of alkyl branching patterns, they
may be regarded as a test set in examination of
mechanisms of reactions at acyl carbon, complementing
the purely electronic effects probed by reactivity of p- and
m-substituted benzoic acids.


This ‘C6-isomer probe’ has been applied to hydrolyses
of acid chlorides. The poor correlation of logarithms of
relative rates with E0


s, and solvent dependence of the rates
excludes both rate-limiting formation of a tetrahedral
intermediate (A


z
N þDN) and rate-limiting dissociation of


chloride to form acylium ions (D
z
N þAN). The possibility


of a rapid reversible formation of a hydrate followed by
rate-limiting dissociation of chloride (ANþD


z
N) has also


been considered and is most improbable. A concerted
process (AND


z
N) is believed to be compatible with the


observations.

EXPERIMENTAL SECTION


The compounds


With the exception of 2,3-dimethylbutanoic acid 6(X——
OH) which was prepared by the method of Ikan et al.,47


all carboxylic acids were commercially available. All
acids were distilled before use and exhibited spectro-
scopic properties consistent with their structures and
>99% purity. Acid chlorides were prepared by reactions
of the acids with oxalyl chloride48 and purified by
bulb-to-bulb distillation at atmospheric pressure.


Authentic samples of methyl esters for GLC analysis
were prepared by dissolving a little of the acid chloride in
anhydrous methanol.

Kinetics of esterifications with methanol


The acids (100ml of each) and toluene (100ml) were
mixed in a capped vial. A portion (200ml) of this mixture

Copyright # 2007 John Wiley & Sons, Ltd.

was then added to anhydrous methanol (5ml) in a capped
vial in the block of a thermostat maintained at 308C.
Reaction was initiated by addition of conc. sulphuric acid
(10ml). Samples were taken periodically and quenched
for analysis as follows. A sample (100ml) was added to a
mixture of pentane (1ml) and saturated NaHCO3 solution
(0.5ml) in a capped vial, which was shaken vigorously for
60 s. The NaHCO3 layer was separated and replaced by
distilled water (0.2ml), then the sample shaken and the
aqueous layer separated. This process was repeated with
fresh water, and then solid sodium sulphate added to dry
the pentane layer. After standing for 5min the supernatant
pentane solution was transferred to a clean vial for
analysis by GLC on a 30� 0.25mm polydimethylsilox-
ane capillary column (RestekRTX-1, order of elution 5, 8,
6, 7, 4, 3, 2 and 1). At least 12 points were collected over 3
half-lives. Growths of ester peak areas relative to toluene
were first order and rate constants were extracted by
non-linear least squares fitting of Xcalc¼Xinf�DX e�kt


to the data using Xinf, DX, and k as adjustable parameters.

Kinetics of saponification of the methyl esters


A solution of KOH in 95:5 (vol:vol) methanol:water (5ml
of 0.81M) was placed in a capped vial in the block of a
thermostat maintained at 308C. Reaction was initiated
with addition of the esters and toluene (40ml) of an
approximately equimolar mixture. Samples were taken
periodically and quenched for analysis as follows. A
sample (100ml) was added to a mixture of pentane (1ml)
and saturated NaH2PO4 solution (0.5ml) in a capped vial,
which was shaken vigorously for 60 s. The NaH2PO4


layer was separated and replaced by distilled water
(0.2ml), then the sample shaken and the aqueous layer
separated. This process was repeated with fresh water,
and then solid sodium sulphate added to dry the pentane
layer. After standing for 5min the supernatant pentane
solution was transferred to a clean vial for analysis by
GLC as described above. Decays of peak areas for the
esters relative to toluene were first order and rate
constants were extracted by non-linear least squares
fitting of Xcalc¼DXe�kt to the data using DX, and k as
adjustable parameters.

Kinetics of solvolysis of the acid chlorides


The solvent mixtures were made up by mixing
acetonitrile (distilled from P2O5) with distilled water.
The cell and fast-response conductivity bridge have been
described elsewhere.49 Reactions were initiated by
injecting the neat liquid acid chloride (1ml) into solvent
(ca. 10ml) in the stirred cell, so that concentrations were
ca. 0.0005M. The lowest temperature used, was �1.68C,
below which the solvent mixtures began to freeze.
Voltages proportional to conductance were logged
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directly via a 12-bit AD converter, taking at least 50
points over 5 half-lives. For the fastest reactions,
half-lives were ca. 5 s, and our apparatus permitted
sampling every second. Rate constants reported were
extracted by non-linear least squares fitting
of Xcalc¼Xinf�DXe�kt to the data using Xinf, DX, and
k as adjustable parameters for points taken 2 s after
injection of the acid chloride. For individual runs, good
fits were obtained (R2> 0.995) and rates were reprodu-
cible to better than �5% for duplicate runs. Some lack of
reproducibility was shown in the first 1 or 2 s, behaviour
attributed to relatively slow solution of the acid chlorides
in the medium, a feature which became more pronounced
as the water content of the medium increased.


As check on the method, reactions of pivaloyl chloride
were also determined. In the 3:1wt:wt AN:water mixture
at 08C, kobs¼ 6.3� 10�3 s�1, with DHz ¼ 54.4 kJmol�1


and DSz ¼�87.1 J �K�1mol�1 in agreement with the
data of Bentley et al.6,7
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ABSTRACT: While typically cyclodehydration of thiosemicarbazides in acidic media leads to 1,3,4-thiadiazoles, we
have recently shown that under reflux conditions in anhydrous acetic acid the cyclization yields an imidazolidine
derivative. The mechanism of this reaction has been characterized theoretically. Calculations indicate that this
direction, facilitated by the presence of the —CH2CO2— moiety in the N4 substituent is favored over the direction
leading toward the thiadiazole product. Formation of the C—N bond that closes the five-member ring appears to be
concerted with the departure of ethanol molecule, although the proton transfer from the nitrogen atom to oxygen atom
is much more advanced in the transition state. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: 1,3,4-thiadiazole; cyclization; DFT; theoretical calculations

INTRODUCTION


Derivatives of 1,3,4-thiadiazoles are known to exhibit
antibacterial,1 antifungal,2 and anticonvulsant3 activities.
Therefore, new thiadiazoles have been synthesized in our
laboratory for a long time and their potential pharma-
cological activities have been investigated. Typically, the
compounds could be prepared by the intramolecular
dehydrative cyclization of 1,4-disubstituted thiosemicar-
bazides in acidic medium4 as presented in Scheme 1.


Therefore, it was expected that the same synthetic
procedures should be applicable to the synthesis of
5-(4-methyl-1,3,4-thiadiazol-5-yl)-1,2,3-thiadiazole-2-
aminoacetic acid. However, we have recently found,5


that refluxing 4-ethoxycarbonylmethyl-1-(4-methyl-1,
2,3-thiadiazol-5-ylcarbonyl)thiosemicarbazide, 1, (R¼
4-methyl-1,3,4-thiadiazol-5-yl, R1¼ ethoxycarbonylmet-
onylmethyl in Scheme 1) in anhydrous acetic acid yields an
unexpected product, 4-methyl-N-(4-oxo-2-thioxoimidazo-
lidin-3-yl)-1,2,3-thiadiazole-5-carboxamide, 2 (Scheme 2).
Apparently, the presence of the —CH2CO2— moiety in
the R1 substituent renders formation of the imidazolidine
ring derivative energetically favorable. Herein, we
present theoretical support obtained using hybrid density
functional theory (DFT) for this direction of the
cyclization.

to: P. Paneth, Institute of Applied Radiation Chem-
niversity, Zeromskiego 116, 90-924 Lodz, Poland.
p.lodz.pl
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COMPUTATIONAL METHODS


Initially a conformational search was performed at the
molecular mechanics level using MMþ force field
implemented in HyperChem.6 The conformational space
included all seven dihedral angles along the main chain of
the reactant 1 and allowed to identify the most stable
conformers of this molecule. Subsequently, selected
structures were refined using B3PW91 functional,7 a
hybrid DFT level that was shown to be appropriate for
activation barriers and heats of reactions,8 with the
standard 6-31G(d) basis set9 as implemented in the
Gaussian package.10 All calculations were carried out
using default convergence criteria. For structures that
correspond to substrates of different reaction pathways
(see Schemes 1–3), relaxed potential energy surface
(PES) scans have been carried out by systematic
diminishing of the interatomic distance that leads to
the ring closure. The points of maximum energy on these
PES scans were used as the starting points for the
geometry optimization to the corresponding transition
states. Vibrational analysis was performed for the
optimized structures to confirm that they represent
stationary points on the PESs (3n-6 real normal modes
of vibration for the reactant and exactly one imaginary
frequency for the transition state) and to calculate gas
phase Gibbs free energies. Both neutral species and
cations were considered. Solvation free energies were
evaluated using two implicit solvent models. The first
model that uses the Poisson-Boltzmann method is
implemented in the Jaguar program.11 The second model
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used, SM5.42,12 was implemented in the MN-GSM
program.13 The choice of these two models was dictated
by the availability of parameters corresponding to acetic
acid which was used as the solvent in the experiments.


RESULTS AND DISCUSSION


Conformational search using dihedral angles along the
main chain of the reactant 1 allowed us to identify the

Figure 1. Atom numbering and DFT-optimized structures of th
illustrated in Schemes 1–3. The substituent R (4-methyl-1,2,3-th
rendered as tubes for clarity


Copyright # 2007 John Wiley & Sons, Ltd.

most stable conformer of this molecule. Its main charac-
teristic feature is a twist around C(5)—N(6)— C(7)—
N(9) skeleton (atom numbering is given in Figure 1),
which results in placing atoms N(9) and C(3) oppo-
site each other at the distance of about 3 Å. Thus, the
most stable conformer is preoriented to ring closure
according to Scheme 2. We label this conformation
12 (reactant 1 in the geometry corresponding to the
reaction described by Scheme 2). This structure was

e most stable substrate and transition states of reactions
iadiazol-5-yl) and ethyl group of R1 (ethoxycarbonylmethyl)
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refined at the DFT level. A relaxed PES scan originated in
this structure, with systematic shortening of the N(9)—
C(3) distance and subsequent geometry optimization of
the point characterized by the energy maximum to the
nearest saddle point yielded the structure TS2 that is the
transition state of the reaction given in Scheme 2. It is
characterized by one imaginary frequency of 585.7 cm�1


that corresponds to the simultaneous formation of
N(9)—C(3) and H(2)—O(1) bonds and rupture of the
C(3)—O(1) bond. Gibbs free energy of activation
corresponding to this transition state is equal to
51.9 kcal/mol at 392K. Structures of 12 and TS2. are
illustrated in Figure 1.


In order to address the influence of the solvent, the
structure of 12 was reoptimized using two different
implicit solvent models of acetic acid, SM5.42 and
Poisson-Boltzmann. Geometric parameters that undergo
major changes on going from the reactant to the transition
state, obtained in the gas phase and within the implicit
solvent models indicate negligible solvent influence. The
same comparison for the transition state TS2 failed
because we were unable to converge the optimization
calculations to the transition state when using the SM5.42
model. However, Gibbs free energy of activation
calculated from the structures optimized using the
Poisson–Boltzmann model, and from the gas phase
geometries with energy corrections made with the
SM5.42 model differ only by 0.1 kcal/mol. This supports
the conclusion that geometric changes caused by
solvation are negligible. Therefore, we carried out the
rest of our calculations using geometries obtained in the

Table 1. Main geometric parameters, imaginary frequencies, and
(12) and transition states for reactions given in Scheme (1) (TS1)


Coordinatea/property


C(3) O(1)
C(15) O(16)
O(1) H(2)
O(1) H(14)
O(16) H(14)
N(9) H(2)
N(10) H(14)
S(8) H(2)
N(9) C(3)
N(10) C(3)
S(8) N(15)
N(9) H(2) O(1)
N(10) H(14) O(1)
O(16) H(2) S(8)
N(6) C(7) N(9) N(10)
C(5) N(6) C(7) N(9)
N(9) N(10) C(15) O(16)
N(10) C(15) C(17) S(19)


in6¼


DE6¼


DG
6¼
392


DGsolv


DG
6¼
392 þDGsolv


a Atom numbering according to Fig. 1, distances in Å
´
, valence and dihedral ang


Copyright # 2007 John Wiley & Sons, Ltd.

gas phase, with the energy corrections for solvation
obtained from the SM5.42 single point calculations, that
is, all results reported herein were obtained at the SM5.42/
B3PW91/6-31G(d)//B3PW91/6-31G(d) level of theory.


The transition state that leads to the cyclization
according to the path illustrated by Scheme 1 (TS1)
has been optimized. Its electronic energy is 5.7 kcal/mol
lower than TS2. While exploring PES another reaction
channel leading to the product containing a six-member
ring that is formed when the cyclization proceeds with
ring closure via N(6) and C(12) atoms has been identified.
The barrier height of this pathway, presented in Scheme 3,
is even lower; the electronic energy of the transition state
TS3 is 1.6 kcal/mol lower than that of TS1. Basic
geometric and energetic features of the most stable
conformer of the reactant 1 and the three transition state
structures are collected in Table 1.


It is interesting to note that although electronic energies
of the TS1 and TS3 structures are lower than that of TS2,
the Gibbs free energy of activation associated with this
latter transition state is the lowest when the zero-
point-energy, solvation effects, and thermal contributions
at 118.58C are included.


The comparison of energies of the transition states for
the alternative reaction pathways are in agreement with
the experimentally observed direction of the cyclization
of the reactant. However, only transition states for the
concerted pathways have been identified. We have,
however, disproved experimentally an alternative, step-
wise mechanism with the hydrolysis of the ester and
subsequent dehydrocyclization of the corresponding acid.

relative energies of themost stable conformer of the reactant
, Scheme (2) (TS2), Scheme (3) (TS3)


12 TS1 TS2 TS3


1.342 1.334 1.647 1.659
1.233 1.738 1.218 1.231
2.089 — 1.068 1.379
— — — 1.024
— 0.975 — —


1.022 — 1.502 —
— — — 1.712
— 1.789 — —


3.404 — 2.117 —
— — — 2.156
— 3.408 — —


136.0 — 135.0 —
— — — 129.3
— 168.6 — —


�179.4 �178.2 �162.0 20.2
�18.1 �175.7 37.2 43.7
5.2 �6.8 164.8 2.9


174.3 172.6 �61.2 55.5
— 406.4 585.7 278.4
— 55.5 61.2 53.9
— 50.3 51.9 53.3


— 5.3 �4.6 �5.2
— 55.6 47.3 48.1


les in degrees, imaginary frequencies in cm�1 and energies in kcal/mol.
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Reflux of ethyl 3,4-dimethoxyphenylacetate or ethyl
phenylacetate, which contains all main features of the
substrate of the studied reaction but cannot undergo the
cyclization, showed no detectable hydrolysis to the
corresponding acids under the same experimental
conditions.14–16


Two other aspects of the reaction conditions have to be
taken into account before drawing conclusions regarding
the actual mechanism of the studied reaction. Since it is
carried out in anhydrous acetic acid one might expect that
the reaction is acid-catalyzed. Furthermore, under such
conditions the acid-catalyzed reaction may proceed via a
step-wise rather than concerted mechanism. These
problems were addressed computationally by considering
reactivity of the protonated species.

Table 2. Main geometric parameters, imaginary frequencies, an
the step-wise mechanism presented in Scheme 4


Coordinatea/property


C(3) O(1) 1
C(15) O(16) 1
O(1) H(2) 2
N(9) H(2) 1
N(9) C(3) 3
N(9) H(2) O(1) 1
N(6) C(7) N(9) N(10) �
C(5) N(6) C(7) N(9) �
N(9) N(10) C(15) O(16)
N(10) C(15) C(17) S(19) 1


in6¼


DE 6¼


DG
6¼
392


DGsolv


DG
6¼
392 þDGsolv


a Atom numbering according to Fig. 1, distances in Å, valence and dihedral ang


Copyright # 2007 John Wiley & Sons, Ltd.

Calculations carried out for 1 protonated at all possible
sites (oxygen, sulphur, and nitrogen atoms) showed that
the most stable cation is the one protonated at the nitrogen
N(24) of the substituent ring. Optimization of the
corresponding protonated transition state yielded Gibbs
free energy of activation for the reaction given by
Scheme 2 equal to 51.9 kcal/mol, which is 4.6 kcal/mol
higher than the corresponding activation barrier for the
unprotonated reactants.


As mentioned above, dehydrocyclization reactions
carried out in acetic acid may proceed via a stepwise
mechanism with acid catalysis as shown in Scheme 4. In
fact, this pathway turned out to be energetically preferred
over the concerted mechanism in case of substituted
phthalanilic acids.17 We have optimized all stationary

d relative energies of the stationary points corresponding to


1OH TSstep1 Int TSstep2


.267 1.280 1.356 1.450


.239 1.208 1.207 1.206


.354 3.371 2.245 1.220


.023 1.021 1.032 1.376


.306 2.219 1.594 1.477
31.4 55.4 77.7 110.2
174.9 �73.5 �99.7 133.7
26.3 �9.8 �4.3 11.4
6.6 142.1 146.0 147.4
75.3 �28.4 �34.3 �55.5
— 85.2 — 1556.7
— 37.3 35.2 62.3
— 37.1 35.2 59.8


— �2.9 �3.4 �6.5
— 34.2 31.8 53.3


les in degrees, imaginary frequencies in cm�1 and energies in kcal/mol.


J. Phys. Org. Chem. 2007; 20: 463–468


DOI: 10.1002/poc







Figure 2. DFT-optimized structures of the stationary points corresponding to the pathway illustrated in Scheme 4. The
substituent R (4-methyl-1,2,3-thiadiazol-5-yl) and ethyl group of R1 (ethoxycarbonylmethyl) rendered as tubes for clarity
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points of the mechanism corresponding to Scheme 4. The
results of these calculations are summerized in Table 2
and illustrated in Figure 2.


Energetic profile that emerges from the data collected
in Table 2 for the step-wise mechanismwith acid catalysis
comprises formation of the protonated intermediate Int
that can easily decompose back to the protonated reactant.
Gibbs free energy of activation of this reverse step is only
2.4 kcal/mol. Forward decomposition of this intermediate
to the product, on the other hand, is characterized by the
Gibbs free energy of activation of 20.5 kcal/mol making
the overall process 6 kcal/mol less favorable than the
concerted mechanism involving neutral species.


In summary, calculations presented herein pinpoint the
origins of 4–ethoxycarbonylmethyl-1-(4-methyl-1,2,3-
thiadiazol-5-ylcarbonyl)-thiosemicarbazide conversion
to 4-methyl-N-(4-oxo-2-thioxoimidazolidin-3-yl)-1,2,3-
thiadiazole-5-carboxamide to the most favorable confor-
mation of the reactant that places in the proximity
nitrogen and carbon atoms, which are closing the ring.
The obtained results advocate for the concerted mech-
anism of the unprotonated species proceeding through the
transition state in which proton transfer to the leaving
ethoxy group is slightly more advanced than ring closure
and carbon—oxygen bond breaking. While the proton
catalysis is not a factor for the studied reaction it should
be noted that the presence of the solvent substantially
lowers the barrier, which in the gas phase is over 12 kcal/
mol higher.

Copyright # 2007 John Wiley & Sons, Ltd.
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ABSTRACT: The first nucleophilic addition of an inorganic nucleophile (cyanide) to the activated, rigid,
a-diazomethine groups of a 1,2,5-thiadiazole 1,1-dioxide is reported here. An a-amino nitrile and a bis a-amino
nitrile derivatives were obtained in good yields (62 and 98%, respectively) and characterized by spectroscopic,
analytical, and single crystal X-ray diffraction techniques. The course of the reaction, followed by cyclic voltammetry
(CV), showed that cyanide adds to only one of the two C——N double bonds of the thiadiazole, forming an anion from
which an N-methyl derivative was obtained. Adequate concentrations of cyanide and methyl iodide (MeI) produced
directly the bis a-amino nitrile derivative. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: nucleophilic addition; thiadiazole heterocycles; sequential reaction; cyclic voltammetry; X-ray diffraction

INTRODUCTION


1,2,5-Thiadiazoles, -thiadiazolines, and -thiadiazolidines
are broadly applied in the areas of pharmaceutical, agricul-
tural, industrial, and polymer chemistry.1 In several of
these applications, 1,1-dioxide and 1-oxide derivatives
are employed.2–6


We have studied many aspects of the chemistry and
physical-organic chemistry of 1,1-dioxides7–20 and 1-
oxides derivatives,21,22 particularly structure-reactivity
analysis, electrochemical properties, and addition reac-
tions of organic nucleophiles.


However, the possible addition reactions of inorganic
nucleophiles have not been explored so far, despite the
chemical functionalization and synthetic possibilities that
they might offer. This work reports the first study of this
kind. We have selected 3,4-diphenyl-1,2,5-thiadiazole
1,1-dioxide (1) as the substrate and the cyanide anion
(NC�)23–25 as the nucleophile, due to the importance of
nitriles as organic synthesis intermediates.26

to: M. V. Mirı́fico, Instituto de Investigaciones Fisi-
icas y Aplicadas (INIFTA), Facultad de Ciencias
mento de Quı́mica, Universidad Nacional de La Plata,
16, Sucursal 4, (1900) La Plata, Argentina.
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In connection with this work, it is convenient to recall
two aspects of our previous reports on nucleophilic
addition reaction to thiadiazoles.


In the first place, we have found that alcohols, thiols,
aromatic monoamines, and monocarboxamides in aprotic
solvent solution,9,10,12,15,19,20 and ethoxide in absolute
ethanol solution9 add to only one of the two C——N double
bonds of 1 and other related thiadiazoles in an equilibrium
reaction [Eqn (1)]. This decrease in reactivity after the
first addition was also observed in the reaction of 1 with
Grignard reagents.27 We have rationalized the difficulty
of diaddition reactions, based in the structural details
obtained through X-ray diffraction studies and theoretical
calculations.19


ð1Þ


The monoaddition products are stable in solution, but
non-isolable, reverting to the reactants on solvent
evaporation. However, we have found9 for the addition
reaction of EtO� to 1 that a stable and isolable N-methyl
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substituted thiadiazoline can be obtained if methyl iodide
(MeI) is incorporated to the reaction before work-up [Eqn
(2)].


ð2Þ


Secondly, we have also reported that primary aliphatic
amines and phenylhydrazine add to both C——N double
bonds,17 but the products are unstable and, loosing
sulfamide, give a-bis-imines or a-bis-hydrazone, respect-
ively.


Stable diaddition products are obtained with bifunc-
tional nitrogen nucleophiles such as mono- and symme-
trically disubstituted ureas and thioureas, which add to
both C——N double bonds of 1 yielding bicyclic
compounds (Fig. 1).16


We report in this work that, depending on the reaction
conditions, both monoaddition and diaddition to 1 took
place in the case of the CN� nucleophile. The addition
reaction products were isolated as a N-methyl substituted
thiadiazoline (2, for monoaddition) or a N,N0-dimethyl
disubstituted thiadiazolidine (3, for diaddition).


The course of the reactions was followed by cyclic
voltammetry (CV), used as an electrochemical spectro-
scopic technique28: the peak potential (Ep) was used to
characterize a chemical species (reagent, intermediate, or
product) and the current intensity of the peak (Ip) was
employed as a concentration measure.

EXPERIMENTAL


Compound 1 was synthesized according to Wright.29


Standard methods were used for purification of MeCN
and DMF commercial solvents.30–32 Purified solvents
were further dried with freshly activated 4A molecular
sieves and stored under a dry nitrogen atmosphere in a

Figure 1. Stable products obtained by the addition of
mono- and symmetrically disubstituted ureas and thioureas
to both C——N double bonds of 1


Copyright # 2007 John Wiley & Sons, Ltd.

glove-box. Their water content (<30 ppm) was measured
by Karl–Fischer coulometric titration.


Commercial potassium cyanide (KCN) was dried
over P2O5 at reduced pressure and room temperature.


1H and 13C NMR spectra were measured with a
Brucker 200MHz instrument and IR spectra with a
Shimadzu IR-435 spectrophotometer (KBr disc).


Solution preparation, synthesis reactions, and other
manipulations were made in a glove-box under a dry
nitrogen atmosphere at room temperature (ca 25 8C).


Single crystals of the compounds were obtained from
MeCN solutions by slow evaporation of the solvent.


Single crystal X-ray data for 3 were obtained with a
KappaCCD diffractometer, using w and v scans and
graphite monocromated MoKa radiation (l¼ 0.71073 Å)
in the W range from 3.33 to 25.008. Compound 2 was
measured with an Enraf-Nonius CAD-4 diffractometer,
using the v� 2W scan technique and graphite mono-
cromated CuKa radiation (l¼ 1.54184 Å) in the W range
from 3.60 to 68.018.


The structures were solved by direct and Fourier
methods and the final molecular model obtained by
full-matrix least-squares refinement on F2, employing the
SHELXS-97 and SHELXL-97 programs. The hydrogen
atoms of both compounds were positioned stereochemi-
cally and refined with the riding model. The methyl
hydrogen atoms locations were optimized during the
refinement by treating them as rigid bodies which were
allowed to rotate around the corresponding N—C bond.

2,5-Dimethyl-3,4-diphenyl-1,2,5-
thiadiazolidine-3,4-dicarbonitrile
1,1-dioxide (3)


1 (224.1mg, 0.83mmol) and KCN (159mg, 2.4mmol)
were added to the DMF solvent (10ml). The mixture was
stirred for 1.5 h at r.t. (ca 25 8C). The colorless solution
gradually developed a yellow–green color. MeI
(496.5mg, 3.5mmol) was added to the reaction mixture
and the solution was left to stand overnight until the color
vanished. Evaporation of the solvent at 35 8C and reduced
pressure yielded a solid residue which was washed with
copious H2O and dried at reduced pressure at 40 8C
(crude: 290.0mg). The crude product was recrystallized
(Cl2CH2-n-Hex) at r.t. to give 284.4mg (0.81mmol) of a
chromatographically (TLC) pure white solid 3 in 98%
yield; mp 260.0–261.0 8C. An identical procedure, except
that MeCN was the solvent employed, produced a lower
yield (55%) of the same solid.


IR(KBr): 3050 (vw, CAr—H), 2995, and 2910 (w,
CAliph—H), 2480 (vw, C———N), 2310 (vw, C———N), 1600
(vw, Ph), 1490 (m), 1335 and 1320 (shoulder) (s, SO2),
1225 (s), 1165 (s, SO2), 1140 (s), 1110 (s), 1085 (m).


Anal. Calcd for C18H16N4O2S: C: 61.35; H: 4.58; N:
15.90; O: 9.08; S: 9.10. Found: C: 60.47; H: 4.46; N:
15.89; S: 9.54.
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Figure 2. Molecular plot of 3 showing the labeling of the
non-H atoms and their displacement ellipsoids at the 50%
probability level


Figure 3. Molecular plot of 2 showing the labeling of the
non-H atoms and their displacement ellipsoids at the 50%
probability level


AMINO NITRILE DERIVATIVES OF THIADIAZOLE 1083

1H NMR (Cl3CD): d: 7.60–7.34 (m, 10H, H—CAr),
2.90 (s, 6H, N-CH3).


13C NMR (Cl3CD): d: 131.7, 129.1, 128.4, 127.1 (CAr),
112.6 (C———N), 74.2 (Csp3heteroc), 30.2 (N-CH3).


C18H16N4O2S, M¼ 352.41, crystal dimensions 0.20�
0.20� 0.16mm, crystal system, space group: orthor-
hombic, P212121, a¼ 10.077(1) Å, b¼ 12.324(1) Å, c¼
14.084(1) Å, V¼ 1749.1(3) Å3, Z¼ 4, rcalcd¼ 1.338gcm�3,
R1¼ 0.0381 [2591 reflections with I>2s(I)], residual
electron density 0.149–0.237 eÅ�3. An ORTEP33 dia-
gram of 3 is shown in Fig. 2.


5-Methyl-3,4-diphenyl-1,2,5-
thiadiazoline-4-carbonitrile 1,1-dioxide (2)


1 (141.3mg, 0.52mmol) and KCN (45.5mg, 0.7mmol)
were added to DMF (50ml) under agitation and the
mixture was stirred for 1.5 h at r.t. A yellow–green color
developed after 10min. The reaction mixture was left to
stand overnight. Upon MeI addition (227.0mg, 1.6mmol),
the green–yellow color decreased very slowly. After 48 h,
the solvent was evaporated at 40 8C and reduced pressure
from the almost colorless solution. The light-yellow pasty
residue obtained was dried at 40 8C and reduced pressure
for 5 days, producing a viscous, caramel colored, oil
containing a white powder suspension. Extraction with
copious CH2Cl2 (10� 1ml) left a white solid residue,
identified as KI, and a caramel colored solution that was
treated with activated charcoal and concentrated at r.t.
under reduced pressure until a light opalescence was
observed. Upon refrigeration (4 8C), large slightly
off-white crystals formed. The filtered crystals were
washed with n-hexane and dried under reduced pressure
at 40 8C. The chromatographically (TLC) pure solid
obtained was identified as 2 (99.7mg, 0.32mmol, 62%),
mp 135.0–135.5 8C.

Copyright # 2007 John Wiley & Sons, Ltd.

IR(KBr): 3050 and 3030 (w, doublet, CAr—H), 2930,
2900, and 2850 (w, CAliph—H), 2310 (vw, C———N), 1590
(s), 1540 (s), 1490 (m), 1470 (m), 1450 (s), 1340 and 1320
(shoulder) (s, SO2), 1165 (s, SO2).


Anal. Calcd for C16H13N3O2S: C: 61.72; H: 4.21; N:
13.50; O: 10.28; S: 10.30. Found: C: 61.59; H: 4.30; N:
13.46; S: 10.58.


1H NMR (DMF-d7): d: 8.04–7.58 (m, 10H, H—CAr),
2.85 (s, 3H, N-CH3).


13C NMR (DMF-d7): d: 171.1 (Csp2heteroc), 136.4,
131.8, 131.2, 131.0, 130.9, 130.3, 127.4, 126.8 (CAr),
113.6 (C———N), 72.4 (Csp3heteroc), 26.7 (N-CH3).


C16H13N3O2S, M¼ 311.35, crystal dimensions 0.20�
0.16� 0.16mm, crystal system, space group: mono-
clinic, P21/a, a¼ 11.028(2) Å, b¼ 11.243(2) Å, c¼
12.441(2) Å, b¼ 99.49(2)8, V¼ 1521.4(5) Å3, Z¼ 4,
rcalcd¼ 1.359 g cm�3, R1¼ 0.0394 [2202 reflections with
I>2s(I)], residual electron density 0.269–0.291 eÅ�3. An
ORTEP33 diagram of 2 is shown in Fig. 3.


The CVexperiments were performed in a conventional
undivided gas-tight glass cell with dry nitrogen gas inlet
and outlet. The working electrode was a 3mm diameter
vitreous carbon disk encapsulated in Teflon, the counter-
electrode was a 2 cm2 Pt foil, and a Agþ (0.1M, MeCN)/
Ag reference electrode (to which all potentials reported
are referred) was used. The supporting electrolyte was
0.2–0.3M NaClO4. The sweep rate (v) was 0.2V s�1. A
LYP-M2 potentiostat, a three-module LYP sweep gen-
erator, and a Houston Omnigraphic 2000 pen recorder
were used.


As above mentioned, CV was used as an electro-
chemical spectroscopic technique to follow the course of
the reactions: in a typical experiment, a solution of the
reactants at selected initial concentrations and 1/KCN
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molar ratio was prepared and its CVs scanned at
convenient reaction times until a time-independent CV
was obtained. MeI, in a large stoichiometric excess, was
then added to the solution, and new CV scans were run.
When no further changes were observed in the CV, the
MeI excess was eliminated by dry N2 bubbling and a final
CV was scanned.

Figure 4. (——) CV of 1 (12.6 mM) and KCN (12.6 mM); (- -
- -) after addition of MeI (0.072 M); (� ��) after dry nitrogen
bubbling to eliminate MeI excess. DMF solvent, sweep rate:
0.200 V s�1, supporting electrolyte: NaClO4 (0.25 M)

RESULTS AND DISCUSSION


It was found that when an excess of MeI was added to a
solution of 1 and KCN in a molar concentration ratio
R¼ [KCN]o/[1]o ca 3 the 3 thiadiazolidine was obtained,
whereas the thiadiazoline 2 was the product if an excess
of MeI was added to a solution with R slightly larger than
1 (see Section ‘Experimental’). ORTEP diagrams of
these reaction products are shown in Figs 2 and 3,
respectively.


To obtain information on the course of the reaction, the
CV experiments detailed below were performed.


The CV scans of DMF solutions of 1 and KCN in
equimolar concentrations (R¼ 1) showed, immediately
after their preparation, a gradual decrease to an almost
complete disappearance of the two reversibly couples of 1
(1/1


.S at ca �0.8V and 1
.S/12S at ca �1.4V),16 along


with the appearance and development of a new cathodic
peak at ca �2.2V. A final CV was reached in which a
weak signal corresponding to the electroreduction of 1
remained while the current intensity of the peak at�2.2V
reached a maximum constant value (Fig. 4, solid line).
Two anodic peaks were also observed, labeled in Fig. 4 as
1a and 2a, their peak potentials correspond to the
successive electrooxidation of 12� to 1


.S (peak 1a, Fig. 4)
and of 1


.S to 1 (peak 2a, Fig. 4).
Experiments described below allowed the assignment


of the �2.2V peak to the anion 4S, formed by the addi-
tion of CN� to 1 [Eqn (3)].


ð3Þ


The weak CV signal corresponding to the 1/1.� couple
remained after the addition of MeI. The reversibility of
the CN� addition reaction [Eqn (3)] and the consumption
of CN� through its reaction with MeI, which are further
discussed below, account for these observations.


Similar experiments performed with different reactant
concentration ratios showed that, for a given initial
concentration of 1, the increase of R up to ca 1.3 caused a
proportional peak current intensity increase of the�2.2V
peak, but experiments up to R¼ 9, the highest ratio
experimentally measured, left the �2.2V peak, corre-

Copyright # 2007 John Wiley & Sons, Ltd.

sponding to the 4S anionic species, unchanged, and did
not produce any other changes in the CVs. Thus, it was
concluded that the CN� monoaddition reaction [Eqn (3)]
was the only reaction taking place in the 1/KCN solution.
This was further supported by the 13C NMR spectrum of
the 1/KCN system, which showed, besides the eight
signals of the phenyl C-atoms, one sp2 and one sp3


heterocyclic C-atom signals (170.6 and 75.5 ppm,
respectively) and one sp C-atom signal (120.4 ppm).
These chemical shifts were similar to those of the
corresponding C-atoms of the synthesized 2 (see Section
‘Experimental’). Since CV peak intensities, in the same
experimental conditions, are proportional to concen-
trations, the current intensity of the 1 peak in the presence
of an equimolar amount of KCN, Ip([1]o¼ [KCN]o), in
DMF solvent was compared with the current intensity of a
DMF solution of 1 at the same concentration, Ip([1]o), to
obtain a measure of the extent of reaction Rex¼
{Ip(1)o� Ip([1]o¼ [KCN]o)}/Ip(1)o. Figure 5 (circles)
shows that Rex increased with an increase in the
concentration of reactants. An equilibrium constant for
Eqn (3) [K¼ (9.3� 1)� 103M�1] was estimated by a
nonlinear fit of the Rex experimental values to the
equation Rex¼½�ð4K½1�oþ 1Þ1=2þ2K½1�oþ1�=ð2K½1�0Þ
(solid line, Fig. 5).


The initial reactant concentrations and the experimen-
tal current intensity of the 4� CV peak (Ip4�) are listed in
Table 1. The equilibrium concentration of 4� ([4�]),
calculated using the estimated K and the initial con-
centrations of the reactants, is also included. A least-
squares linear regression gave Ip4�/mA¼ 60mAþ
(4.0� 2)� 104mAM�1� [4�] (r¼ 0.96).


The functional relation between 4� concentration and
the current intensity of its electroreduction peak (Ip4�)
was indicated by the fact that 12�was its electroreduction
product (Fig. 4, peaks 1a and 2a). Thus, the first charge
transfer to 4� should produce the corresponding radical
dianion 4


.2�, which decomposes rapidly to 1
.S and CN�.
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Scheme 1.


Figure 5. Extent of reaction [Rex, Eqn (3)] as a function of
reactant concentration at equal initial concentrations of 1
and KCN. The extent of reaction was measured voltame-
trically as Rex¼ ½Ipð1Þo � Ipð½1�o ¼ ½KCN�oÞ=Ipð1Þo, where,
for a given concentration of 1, Ip(1)o is the current intensity
of the first CV peak of 1, and Ip([1]o¼ [KCN]o) is the current
intensity of the same peak in the presence of KCN. Circles
indicate experimental measurements. The solid line is a
nonlinear regression adjustment of the points to the
equation Rex¼ ½ � ð4K½1�o þ1Þ1=2 þ 2K½1�o þ 1�=ð2K½1�oÞ,
which gave K¼ (9.3�1)�103 M�1
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Since the electroreduction potential of 1
.S is ca �1.4V, it


would be immediately electroreduced at �2.2V to 12�. The


electrode process would be an E1CE2 process (Scheme 1).


The dependence of the CV peak current intensity with
the experimental parameters for an E1CE2 process, with
E2�E1, and assuming that the chemical step C is very
fast, is very well known:34 Ip4� ¼ ðn1þ n2ÞFAD1=2


ðn1F=RTÞ1=2v1=2½4��p1=2xðatÞ.
If these conditions are met, the peak value for the


function p1/2x(at), 34 is 0.487. These, together with our
experimental values (sweep rate, v¼ 0.2V s�1, working

Table 1. Experimental initial concentrations of reactants and me


[1]o (mM) [KCN]o (mM) Ip (mA)


2.13 4.30 100
2.31 2.33 108
7.74 3.68 138
8.16 23.0 272
12.6 6.44 275
7.85 20.0 300
6.3 6.30 305
7.78 28.0 335
7.70 28.0 345
7.44 25.0 354
7.45 67.6 382
12.6 25.5 500
12.4 24.0 560
12.6 12.6 609
12.6 16.7 629
12.6 56.5 660
25.0 25.0 950
34.5 34.5 1140


The calculated 4� concentration, based on Keq¼ 9.3� 103M�1 for the reaction o
regression (see text) are also listed.


Copyright # 2007 John Wiley & Sons, Ltd.

electrode area, A¼ 0.071 cm2, diffusion coefficient, D of
the substrate¼ 1� 10�5 cm2 s�1), give Ip4S¼ 5.9�
104� [4�]mA. This was considered an acceptable
agreement, given the approximate nature of the calcu-
lations involved.


When an excess of MeI was added to an equimolar or
nearly equimolar solution (Rffi 1) of 1 and KCN that had
undergone the changes described above, the CV scanned
after the MeI addition showed a gradual intensity
decrease of the cathodic peak at �2.2V (although
somewhat obscured by the MeI peak at �2.5V), along
with the development of a new cathodic peak at ca�1.4V
(Fig. 4, broken line). When the MeI excess was
eliminated from the solution by dry N2 bubbling, only
the peak at ca�1.4 (Fig. 4, dash-dot-dash line) remained.
The peak at �1.4V was assigned to the electroreduction
of 2, formed in the reaction of Eqn (4), by comparison
with an authentic sample (a CV scan of a DMF solution of
2 is shown in Fig. 6, solid line).


ð4Þ


The MeI incorporated to the 1/KCN reaction mixture
also reacted with CN� to give MeCN and iodide ion (see

asured peak current for the 4� peak at �2.2 V


[4�] calc. (mM) Ip (calc.) (mA)


2.03 141
1.87 135
1.71 128
8.10 384
3.24 189
7.78 371
5.53 281
7.74 370
7.66 366
7.40 356
7.44 357
12.5 560
12.3 552
11.5 520
12.3 552
12.6 563
23.4 997
32.6 1365


f Eqn (3), and the calculated peak currents, based on a linear least-squares
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Figure 7. (——) CV of 1 (12.6 mM) and KCN (56.6 mM); (- -
- -) after addition of MeI (0.13 M); (� � �) after dry nitrogen
bubbling to eliminate MeI excess. DMF solvent, sweep rate:
0.200 V s�1, supporting electrolyte: NaClO4 (0.25 M)


Figure 6. (——) CV of 2 (13.2 mM); (- - - -) after addition of
KCN (8.22 mM). DMF solvent, sweep rate: 0.200 V s�1,
supporting electrolyte: NaClO4 (0.25 M)
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the synthesis of 2, Section ‘Experimental’), it must be
concluded that, in our reaction conditions, the N-
methylation of 4� [Eqn (4)] was favored over the loss
of CN� [back reaction of Eqn (3)] followed by the
reaction of CN�withMeI. However the balance left some
unreacted substrate 1, as observed (Fig. 4, dash-dot-dash
line). The ideal experimental conditions for the highest
possible yield of 2 were not further investigated.


It was found that addition of CN� to the remaining C——
N double bond of 2 also took place. In a CVexperiment in
which KCN was added to a DMF solution of 2 to a
[KCN]o/[2]o molar ratio of 0.62 (initial concentrations:
13.2mM 2; 8.22mM KCN), it was observed that the CV
peak of 2 (Fig. 6, solid line) decreased with time while a
new cathodic peak at �1.99V developed. When all
changes ceased (Fig. 6, broken line), the CV showed that
the current intensity of the peak of 2 had decreased to ca
37% of its original current intensity of 378mA, while the
current intensity of the new peak at�1.99V was 200mA,
that is, 53% of the original intensity of the 2 peak.


This result indicates that practically all CN� has
reacted to give a new species that is reduced at�1.99V. It
seemed reasonable to assign the peak at �1.99V to a
thiadiazolidine anion produced by the CN� addition to
the remaining C¼N double bond of 2 anion [5�, Eqn (5)].


ð5Þ


Thus, the neutral molecule 2 added CN�, but the 4�


anion did not. This is of course reasonable, because the
effect of electron-withdrawing properties of the >SO2


group on the remaining sp2 heterocyclic C-atom must be

Copyright # 2007 John Wiley & Sons, Ltd.

much weaker for the anion. PM3 calculations gave
fractional electron charges on the heterocyclic sp2 C-atom
of 0.15 for 2 and �0.16 for 4�.


The assignment of the �1.99V CV peak to 5� was
further supported when, upon addition of MeI, the peak at
�1.99V disappeared and was replaced by a peak of
similar current intensity at �2.7V (not shown in Fig. 6).
As it is discussed immediately below, the peak at �2.7V
corresponds to the thiadiazolidine 3 [Eqn (6)].


ð6Þ


Thiadiazolidine 3was also observed in CVexperiments
performed at a larger [KCN]o/[1]o relation (e.g., Fig. 7;
R¼ 4.5). As above mentioned, the initial changes were
almost identical to those observed for R ca 1 (Fig. 7, solid
line). After an excess of MeI was added, the resulting CV
peak of 2 at ca �1.4V was much smaller than for R¼ 1,
and a large, broad peak was observed at ca�2.7V (Fig. 7,
broken line). Upon elimination of the MeI excess it was
observed (Fig. 7, dash-dot-dash line) that the broad peak
was a superimposition of the MeI peak at �2.5V and a
new cathodic peak at ca �2.7V. The peak at �2.7V was
assigned to the electroreduction of 3 by comparison with
an authentic sample.

CONCLUSIONS


The CN� nucleophile adds to one or to both azomethine
groups of 1. The corresponding thiadiazoline or
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thiadiazolidine are obtained in good yields and can be
isolated by standard procedures. This contrasts with
previously studied nucleophilic addition reaction of
monodentate nucleophiles which produced only mono-
addition to give thiadiazolines, most of which were only
stable in solution, reverting to the reactants on work-up,
or unstable diaddition thiadiazolidines which decom-
posed loosing the sulfamide moiety.18


To the best of our knowledge, only two methods have
been reported for the formation of a carbon–carbon bond
between the heterocyclic C-atoms of 1 and a substituent,
the first uses Grignard reagents27 and the second employs
a very strong acid catalyst (AlCl3).


15 The synthesis
reported here takes place under mild conditions and can
be easily adjusted to produce mononitrile or dinitrile
derivatives, which are well known for their usefulness in
synthetic routes.


The reactions steps were unambiguosly clarified by the
use of CV. This demonstrates once again the merits of this
electrochemical technique for the elucidation or organic
reactions mechanisms and the detection of intermediates.


In particular, it was shown that mono and diaddition did
not take place consecutively on the same substrate.
Instead, it was necessary to N-methylate the monoaddi-
tion nitrile before a second CN� anion could be added.
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ation of 3,3-diphenyl-3H-benzo[f]chromenes containing aza-18-
holine units with alkali, alkaline earth, heavy and transition metal


cations in acetonitrile is reported. The spectroscopic and kinetic behavior of the photomerocyanine isomers of these
chromenes is strongly affected by complexation with a metal cation. In order to interpret some of experimental data, an
ab initio theoretical analysis of photochromic-crown ether and its cation complexes was conducted. The different site
of coordination of mono- and divalent cations to determine the minimum-energy structure of benzochromene
complexes in gas phase as well as in acetonitrile as solvent was explored. The coordination of both carbonyl oxygen
and crown-ether macrocyle with divalent cations in carbonyl-capped structure is found to be the most stable isomer
in gas as well as in condensed media. The crown-containing benzochromenes were studied in liquid-liquid extraction
experiments toward there capacity to transfer metallic salts from water into an organic phase.The high selectivity to
extraction of Agþ was found. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat

KEYWORDS: aza-18-crown-6-ether; 3,3-diphenyl-3H-benzo[f]chromene; complex formation; photochromic behavior;


anion-‘capped’ complex

INTRODUCTION


Photochromic compounds have received great interest in
the last years due to their application such as ophthalmic
lenses, transparencies, plastic films, promising materials
for the information imaging and storage, etc.1–5 The
development of these photochromic systems is aimed at
the improved photo stability, to obtain higher sensitivity, a
wide choice of operating wavelengths and amplification
capability.6–9 Incorporation of a crown ether moiety,
which is able to bind metal ions into the molecule
skeleton can be explored to tune the photochromic
properties by using a complexation process.10–14 The
approach has been found to be effective for different kinds
of photochromic compounds.15,16 The synthesis and

to: O. A. Fedorova, Center of Photochemistry at the
ov Institute of Chemical Physics of the Russian
nces, ul.Novatorov 7a, 117421 Moscow, Russia.
@photonics.ru
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investigation of the benzochromenes containing iono-
phoric groups have not been enough studied, there are
only few papers on this topic.17–19


In the present paper the series of the benzochromenes
1a-c containing morpholine, aza- and diaza-18-crown-6
ethers have been prepared and studied. The synthesis and
first results toward the photochromic properties of the free
compound 1b and its complex with Naþ cation were
described in ref.19 The ability of aza – and diazacrown
ethers to form complexes with different kinds of metal
cations is well-known.20 We investigated the complex
formation with alkali, alkaline earth, heavy and transition
metal cations and analyzed what structure of the complex
forms for each type of metal cations and how the
formed complex influences the spectral and photochro-
mic properties of benzochromenes 1a-c. The structural
variation of the benzochromene plays an important role
in the understanding of the observed phenomena. The
results presented in this contribution substantially extend
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the knowledge and understanding of possibility to apply
the ionophoric fragments in this type of benzochromene
for the modification of the spectral and photochromic
characteristics.

Figure 1. Structure of molecule 1a. Atomic thermal ellip-
soids are drown on 50% probability level

RESULTS AND DISCUSSION


Synthesis


The compounds were synthesised according to the
three-step procedure19 represented in Scheme 1. The
structures attributed to 1a-c were confirmed by 1H NMR
spectroscopy data, mass-spectrometry and elemental
analysis (experimental data were presented in short
report21).

Crystal structure of 1a


Themolecule structure of 1a and atom numbering scheme
are shown in Fig. 1. Bond lengths and separated bond
angles are given in Supplementary materials (in Tables
S1, S2).


All geometric parameters of molecule 1a correspond to
standard values. The naphthalene fragment has commonly
observed bond length distributions; in each of six-membered
rings two bonds [C(4)—C(13) 1.388(3), C(11)—C(12)
1.372(2), C(6)—C(7) 1.370(3) and C(8)—C(9) 1.358(4) Å]
are somewhat shortened compared to others varying from
1.394(4) to 1.430(3) Å.

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

The ethylene bond C(2)—C(3) is essentially shortened
[1.324(2) Å]. The oxygen-containing six-membered ring
has a sofa conformation. Atoms C(2)—C(3)—C(4)—
C(13)—O(1) lie in the same plane, whereas C(1) deviates
by 0.393 Å from this plane. The corresponding bent angle
composes 27.28. The C(19). . .C(24) benzene ring has a
pseudo-axial orientation, whereas the C(25). . .C(30) ring,
a pseudo-equatorial orientation.


The morpholine ring adopts a chair conformation, with
the bent angles equal to 52.7 and 51.48 for the N and O
angles, respectively.


The structure of 1a does not contain an ‘active’ proton
and its crystal packing has no specific weak interactions.

1
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Table 1. Absorption maximum of the initial closed (lCF,nm)
and photoinduced merocyanine (lMF,nm) forms, and con-
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All the interatomic contacts correspond to the van der
Waals interactions.

stant of the thermal relaxation of the colored form
(kMF-CF,s


�1) of 1a-c and its complexes with different metal
cations; CLig¼ 2� 10�4mol/l, CLig/CMet¼1/100 in MeCN,
L¼1 cm; irradiation with light at l¼ 365nm


Chromene
Metal
cation


lCF,
nm


lMF,
nm kMF-CF,s


�1


1a 355 422 0.5
Liþ 355 420 0.17
Naþ 355 420 0.13
Mg2þ 360 460 0.024
Sr2þ 355 420 0.16
Ba2þ 355 420 0.15
Agþ 365 462 0.39
Cd2þ 360 467 0.30
Pb2þ 365 465 0.67


1b 355 420 0.094
Liþ 360 450 0.008
Naþ 360 440 0.013
Mg2þ 365 470 0.16
Sr2þ 360 470 0.0021
Ba2þ 360 460 0.0057
Agþ 365 460 0.26
Cd2þ 365 495 0.0042
Pb2þ 360 500 0.005


1c 360 405 0.08
Liþ 360 440 0.042
Naþ 360 430 0.015
Mg2þ 360 470 0.13
Sr2þ 360 465 0.011
Ba2þ 360 450 0.0005
Agþ 355 460 0.13
Cd2þ 360 490 —
Pb2þ 360 490 0.006

Complex formation and phototransformation


Compounds 1a-c in MeCN exhibited very similar UV/Vis
absorption spectra. The addition of equimolar amount
of Mgþ2, Srþ2, Baþ2, Agþ, Cdþ2, Pbþ2 to a solution of 1b
leads to the small bathochromic shift up to 5–10 nm of the
long wavelength band, indicating that metal cation is
bound by the macrocyclic unit of 1b,c (Scheme 2). In
contrast, the absorption spectrum of 1a was affected only
at a high metal cation concentration (0.1mol � dm�3) (the
effect of large amount of metal cations on spectral
characteristics are shown in Table 1).


UV irradiation of 1a-c in MeCN results in the
appearance of a broad absorption band in the visible
region, which was assigned to the merocyanine isomer
(Scheme 3). The dark ring-closure reaction for mer-
ocyanine isomers PM1a-c occurs with a rate constant
kMF-CF of about 0.05, 0.094, 0.08 s�1 respectively and
resulted in the initial chromene. The presence of the metal
cation in the solution of photomerocyanine form leads to a
significant change in the dark lifetime of PM1a-c and
causes the strong shifts in their absorption spectra,
indicating that these compounds are able to bind metal
cations (Fig. 2, Table 1).


The addition of the alkali, alkaline earth metal cations
does not affect the position of the long wavelength
maximum of PM1a, except Mg2þ. The shift of the
band to the long wavelength region up to 40 nmwas found
in the last case. The similar shifts were found
when Agþ, Cdþ2, Pbþ2 were added to the solution
of PM1a. In the presence of alkali, alkaline earth metal
cations, mentioned metal cations Agþ and Cdþ2 the
constant of thermal relaxation of the PM1a decreases.
The complex formation of the PM1a can occur through
the formation of the coordination bond between metal
cations and carbonyl oxygen atom. As we showed early,
this type of the coordination is very weak.22


In the merocyanine form of benzochromenes 1b,c there
are two places for the coordination of metal cations:
crown ether fragment and carbonyl oxygen atom.


The addition of all listed metal cations to the solution
of PM1b,c leads to the substantial bathochromic shift
(20–80 nm) of the long wavelength band. The analysis of

Scheme
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the influence of metal cations on the kinetic of thermal
relaxation of 1b,c allows us to divide the studied cations
into 3 groups. In the presence of small monovalent cations
(Liþ, Naþ) rate constant kMF-CF of the dark ring-closure
reaction for merocyanine isomer decreases. So as the
size of the cation is too small in comparison with the size
of aza-18-crown-6 ether cavity, the formation of an
inclusion complex with crown ether fragment is not
possible. It is obvious, that the formation of the
coordination bond between Liþ or Naþ and carbonyl
oxygen atom similar to 1a can be anticipated. The
coordination causes the stabilisation of the open form
(Table 1, Scheme 5).

2
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Scheme 3


Figure 2. UV/Vis spectrum of PM1b in acetonitrile: (1) -free PM1b; (2) -in the presence of Mg(ClO4)2; (3) -in the presence of
Ba(ClO4)2; (4) -in the presence of Pb(ClO4)2, prepared by irradiation of solution with light at 365 nm; [CL]¼ [C2þ


M ]¼ 2�10�4mol/L
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The metal cations Mgþ2 and Agþ belong to the second
group. They decrease the stability of the open form (Table
S1 of the supplementary materials). For these cations the
preferred place for binding in 1b,c is the crown ether
cavity (Scheme 6). The presence of metal cation into the
composition of merocyanine open form causes the
polarisation of open form. The ring-closure reaction
should be accelerated in polar molecule.


The formation of a 1:1 complex between open form of
1b,c and Ba2þ, Cd2þ and Pb2þ is accompanied by a large
bathochromic effect and the substantial decrease of the
rate constant for dark ring-closure reaction. To explain
the results we suggested the formation of the carbonyl-‘
capped’ complex of metal cation located in crown ether
cavity with carbonyl oxygen atom (Scheme 6). Only the

Scheme 4
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participation of both coordination centers gives sub-
stantial changes in the UV spectra as well as remarkable
stabilisation of open merocyanine form. The formation of
the carbonyl-‘capped’ complex was found early for the
crown-containing spironaphthoxazines.11,14,23


To analyse the formation of ‘carbonyl’ capped com-
plexes the kinetics of ring-closed reactions of this
complexes were carefully studied at equimolar ration
between ligand and metal cations (Table 2). In case of 1b,
the effect depends on the nature of metal cations; it is
larger for Pb2þ than for Ba2þ. We found that in the
presence of Pb2þ PM1b and PM1c exhibit similar values
for kMF-CF�s�1 (0.00035 and 0.00054, see Table 2).
Whereas, the open form of Ba2þ complex of PM1c is
much more stable than those of PM1b (0.0016 and

c







Scheme 5


Table 2. Effect of the Mg2þ, Ba2þand Pb2þ presence on the
rate constant kMF-CF/s


�1of dark ring-closure reaction, CLig¼
2� 10�4mol/l, CLig/CMet¼ 1/1 in MeCN, L¼1 cm; irradia-
tion with light at l¼365 nm


Mg2þ Ba2þ Pb2þ


1a 0.5 0.44 0.18 0.12
1b 0.094 0.49 0.0016 0.00035
1c 0.08 0.19 0.00034 0.00054
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0.00035 accordingly, see Table 2). We believe that in the
complex of PM1c with Ba2þ the carbonyl atoms of both
photomerocyanine units participate in the formation of
carbonyl-‘capped’ complex, whereas, in the carbonyl-
‘capped’ complex of PM1b Ba2þ forms only one
coordination carbonyl-metal bond (Schemes 6 or 7). In
contrast, for the complexes of PM1b and PM1cwith Pb2þ


the magnitudes of kMF-MFs
�1 are similar to each other,


what suggest the participation of only one photomer-
ocyanine unit of PM1c in the formation of carbonyl-
‘capped’ complex with Pb2þ (Scheme 7).


Molecular orbital calculations


To achieve a fundamental understanding of the interaction
between the photochromic component and cationic guest,
we have undertaken an ab initio theoretical analysis of
photochromic crown ether and its cation complexes. The

Scheme


Scheme
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main goals of the theoretical study are (i) to predict
the site of coordination of the cations in the merocyanine
isomer of 1a and 1b and calculate the binding energies;
(ii) to determine the influence of metal cations on the
electronic and optical properties of the photomerocyanine
form. The calculated bond lengths (in Å) for TC isomer
of PM1a, PM1b and its metal complexes, relative
energies (in kcal/mol) of the low-energy conformational
isomers of PM1a,b-Mþ and PM1a,b-M2þ complexes at
different levels of theory (A¼H/6-31G, B¼B3LYP/
6-31G//HF/6-31G and C¼B3LYP/6-31G//HF/6-31G in
acetonitrile) presented in Tables S1–S5 (in Supple-
mentary materials).


Energies and molecular structures. It is well known
that opened isomer of benzochromene can exist as
trans-cis (TC) or trans-trans (TT) isomers.24 It was
proved experimentally24 and by calculations18 that TC
isomer was the most stable isomer for the unsubstituted
benzochromene, that is 3,3-diphenyl-3H-benzo[f]chro-
mene. In order to confirm that this result is general in
this series we performed geometry optimisation of both

6


7
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TC and TT isomer of PM1a and PM1b. Calculations
indicate that TC isomer is most stable than TT by 3.4
and 1.4 kcal �mol�1 for PM1a and PM1b compounds,
respectively (B3LYP/6-31G//HF/6-31G). On the basis of
this result and for the sake of simplicity, all calculations
were restricted to the TC isomer in the following although
it cannot be excluded that both isomers can be present at
room temperature when complexation with cation occurs.

Uncomplexed TC isomers of PM1a and PM1b.
The optimised geometry of the TC isomers of PM1a
and PM1b are displayed in Fig. 3. Two minima
conformations were obtained for the morpholine group:
the chair like, PM1ac, is found more stable than the twisted
boat, PM1ab, conformation by 7.9 kcal/mol (B3LYP/
6-31G//HF/6-31G calculations). Although this calculation
was performed on the merocyanine form, it can be antici-
pated that similar preference for chair like conformation
should be obtained in the closed form which is consistent
with X-ray crystallographic geometric structure of 1a shown
in Fig. 1. However, both conformations of the morpholine
group were considered in the following to study the ability
of 1a merocyanine to bind a cation since boat like
conformation allows the coordination of both nitrogen and
oxygen atoms by the cation.

Figure 3. Ab initio optimised geometry for various conformation
1b. The relative energies given in bracket (in kcal �mol�1) are ca
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Previous studies of 18-crown-6-ether showed that two
isomers among the many low-energy conformations can
be considered at room temperature: the Ci symmetry
isomer and the D3d isomer (see Fig. 4). It is well
established that the Ci isomer is the global minimum in
the gas phase whereas D3d isomer is most stable in polar
solvents. This result was in agreement with our
calculations in gas phase (the Ci isomer is found more
stable than D3d by 10.4 kcal �mol�1 at B3LYP/6-31G//
HF/6-31G level of calculation) but only partially confirm
in condensed medium since PCM model of solvation is
able to obtain a valid approximation of solvent effects as
long as no specific interactions (such as hydrogen bonds)
between solute and solvent molecules occurs. Indeed, the
free energy of solvation in acetonitrile is found þ0.34
and �4.43 kcal �mol�1 for Ci and D3d, respectively.
Moreover, the D3d isomer has a cavity most suitable
for interactions with cationic guest. Substitution of
18-crown-6-ether by PM1b reduces the symmetry
from Ci to C1 and produces three isomers by substituting
the endocyclic heteroatoms, i and ii and the exocyclic iii
heteroatom by the nitrogen atom (see Fig. 4). Substitution
of D3d isomer of 18-crown-6-ether by PM1b reduces
symmetry of the parent macrocycle to C1. Structures
of PM1b-D3d, PM1b-Ci, PM1b-Cii and PM1b-Ciii pre-
sented in Fig. 3 illustrate the respective optimised

structures of the TC merocyanine of benzochromens 1a and
lculated at B3LYP/6-31G//HF/6-31G level of levels
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Figure 4. Ci a) and D3d b) symmetry isomers of
18-crown-6-ether


Scheme 8
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geometries. Fig. 3 reveals that the PM1b-Ciii is the most
stable isomer. In this isomer, the aromatic benzochro-
mene is found located just above the macrocyle in a
conformation which prevents a good interaction with
cationic guest. Therefore, although the PM1b-D3d con-
formational isomer is not the most stable in gas phase, we
consider for the study of the PM1b complexes only
the D3d conformation of the macrocyle since the shape of
the cavity allows a better interaction with cations. (see
Figures 5 and 6)


The geometry of the TC merocyanine isomer can be
characterised by analysing the extent of bond length
alternation (BLA)18 in the conjugated bridge connecting
the donor C1 carbon and the acceptor carbonyl groups
(C5-O6), which reflects the relative weights of the neutral
polyenic and zwitterionic structures in the valence bond
(VB) resonance hybrid (Scheme 8). The BLA parameter
is defined as the difference between the average length of
the ‘single’ bonds and that of the ‘double’ bonds. The
‘single’ and ‘double’ bonds were identified by reference
to the neutral VB structures, so high positive (negative)
value of the BLA parameter indicates predominance
of the neutral (zwitterionic) mesomeric structure. A

Figure 5. Ab initio optimised geometry of the various possible str
bracket (in kcal �mol�1) are calculated with B3LYP/6-31G//HF/6-3
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vanishing BLA parameter, on the other hand, shows a
cyanine-like structure characterised by similar weights of
the two forms.


On this basis, the calculation results (given in Tables
S5, S6 of Supplementary materials) pointed out that TC
isomer of PM1a and PM1b adopts a neutral rather than
zwiterrionic form in the ground state. The BLA value
is found in the range between 0.230 Å and 0.238 Å
suggesting that the morpholine and crown ether substi-
tuents have got a little influence on the geometric and
electronic structures of the conjugated bridge. A direct
consequence of this result is that the free TC isomer
of PM1a and PM1b should have similar maximum
absorption properties (vide supra) as indicated from
experiment findings.


TC isomer of PM1a and PM1b complexes
with Liþ, Naþ, Mg2þ, Ba2þ and Pb2þ. The mono-
or divalent cation can coordinate with carbonyl oxygen of
the merocyanine form (complexes are named PM1ac-O
or PM1ab-O) or with morpholine substituent through the
participation of oxygen and nitrogen atoms (struc-
tures PM1ac-Mor and PM1ab-Mor). A third type of

uctures PM1a complexes of Liþ. The relative energies given in
1G levels
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Figure 6. Ab initio optimised geometries of the PM1b complexes with Liþ, Naþ, Mg2þ, Ba2þ and Pb2þ. The relative energies
given in bracket (in kcal �mol�1) are calculated with B3LYP/6-31G//HF/6-31G levels
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coordination involves the interaction of the cation
with the carbonyl oxygen and morpholine substituent
resulting a bridged structure (structures PM1ac-bridged
and PM1ab-bridged). As the morpholine group can adopt
a chair or boat like conformation, the combination of
the site of coordination and the conformation of the
morpholine group leads to six possible different structures

Copyright # 2007 John Wiley & Sons, Ltd.

of complex. The relative energy calculated at HF/6-31G
and B3LYP/6-31G//HF/6-31G levels are presented
(in Supplementary materials in Table S5). The results
of the calculations clearly show that the bridged
complexes, PM1ac-bridged and PM1ab-bridged are
considerably more stable than all the other isomeric
complexes in gas phase. For example, the predicted
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relative stability of PM1a-Liþ complexes are found in
the order: PM1ab-bridged< PM1ac-bridged< PM1ac-
O< PM1ab-O< PM1ab-OMor < PM1ac-OMor.


The boat like conformation of the morpholine group
leads to better interaction with cation since this confor-
mation allows an interaction with both the oxygen
and nitrogen. Therefore, the PM1ab isomer is almost
5 kcal/mol more stable than the corresponding PM1ac
complex.


Analysis of the dipole moment of the optimised
complexes in gas phase reveals strong variations of
such properties as function of the site of complexation.
For example, the PM1ac-Mor complex exhibits very
strong dipole moment (32.7 Debye) while PM1ac-bridged
has low polarity (4.2 Debye). It can be expected
that PM1ac-Mor could be more stabilised by solvent
effect than PM1ac-bridged complex. Therefore, calcu-
lations including the solvent effect with a continuum
model (the explicit molecule of solvent has not been
taken into account due to the prohibitive cost in time
calculation) has been undertaken to estimate the solvent
effect on the relative energy of the complexes. Consistent
with our prediction, inclusion of solvent effect introduces
relevant changes to the relative energy of the isomers.
The most stable isomer in acetonitrile is the com-
plex PM1ac-Mor in which oxygen atom of morpholine
group participates in formation of coordination bond
(Table S5 in Supplementary materials).


The interaction of cation with TC isomer of PM1b can
lead to the formation of three different structures. Indeed,
the cation can coordinate only with crown-ether moiety
(complex labelled as PM1b-Cw), with carbonyl atom
oxygen (complex PM1b-O) or with both carbonyl atom
and macrocylic moiety (complex PM1b-capped). The
relative energies of these complexes are compiled (in
Table S6 in Supplementary materials). It was shown
that the PM1b-capped complex is the most stable minima
in gas phase. Complex PM1b-O was found to be
considerably less stable than those with participation of
crown ether PM1b-Cw. A calculation was performed
for PM1b-Liþ, PM1b-Naþ and PM1b-Mg2þ complexes.
In all cases PM1b-O structure is less stable by 33.0, 37.2
and 61.3 kcal/mol in comparison with PM1b-capped
complex for Liþ, Naþ, Mg2þ respectively. It can also
be noted the PM1b-O minima were not found with
divalent Ba2þ and Pb2þ cations and the optimisation
procedure converges toward capped complexes. The
complexation of metal cation with macrocycle (struc-
ture PM1b-Cw) leads to less stable minimum in gas and
solvent phases. However, divalent cations indicate strongest
preference for capped structure (the PM1b-Cw complex is
higher in energy than PM1b-capped complex by 30kcal/
mol) while the monovalent cation shows a less pronounced
preference for PM1b-capped structure. For example,
the PM1b-Cw complex obtained for Naþ is less stable
than PM1b-capped complex by only 5.7 and 0.4 kcal/mol in
gas and condensed phases, respectively.

Copyright # 2007 John Wiley & Sons, Ltd.

Coordination of cation with carbonyl oxygen atom
in PM1a-O, PM1b-O, bridged and carbonyl-capped
complexes leads to the pronounced variations of the
conjugated pathway of the merocyanine. The shortening
of the C2—C3, C4—C5 bond is accompanied by an
increase of the C1—C2 and C3—C4 bond lengths. As a
consequence of these geometric variations, the results (in
Table S4 of Supplementary materials) indicate that
bond-length alternation decreases upon cation complexa-
tion, that is, the contribution of the neutral VB structure
becomes lower on moving from uncomplexed to
complexed TC isomers.


Calculations show that the BLA index of PM1b-capped
complexes continuously decreases in the series of cations
from Liþ to Pb2þ. This suggests that the increase in the
charge of cation as well as its atomic radius leads to
greater interaction with the crown ether and carbonyl
group of merocyanine. One can notice that the calculated
distance between cation and oxygen atoms in 1b-capped
structure reveals a stronger interaction with oxygen of
carbonyl group than of crown ether oxygen. For example,
the Pb2þ. . ..O-carbonyl distance is found 2.277 Å and the
average Pb2þ. . ..O-crown ether distance is 2.803 Å.
Analysis of Mulliken charge shows that this interaction
is the result of charge transfer between cation and
carbonyl oxygen atom: the net charge on carbonyl-
oxygen atom is found -0.67 e and -0.52 e in 1b-capped
and 1b-Cw, respectively. The calculated BLA for 1b-Cw


complexes do not show the same trend as for 1b-capped
and this index seems to depends only on the formal charge
of the cation. The monovalent cation induces very weak
changes in BLA when compared to uncomplexed
structure (0.2 Å with Liþ and Naþ) while the divalent
cation leads to 0.15 Å value.


As the optical properties strongly depends on the
geometry of the conjugated path,18 it can be concluded
from analysis based on BLAvalues that complex formation
with mono-valent cation does not cause strong shift in the
maximum absorption in PM1b-Cw and PM1b-capped
structures while divalent-cation coordination induces
strong bathochomic shift in PM1b-capped structure.


Binding energies of PM1b with cations. Accurate
binding energy calcualtions is beyond the scope of
this study. The binding energy of metal cation with
18-crown-6-ether was also calculated at the same level of
calculations for comparison. It is interesting to note that
the binding energies of PM1b-Cw TC complexes are
consistently stronger than those for the complex with
participation of crown ether moiety, adding 10 to 34 kcal/
mol to the stability of the interaction (Table S7 in
Supplementary materials). This result can originate in the
strong N-donor property. Evidently, divalent cations
exhibit strongest binding energy than in case of mono-
valent one and the magnitude of binding energy decreases
on the radius of the cation increases. In the gas phase, the
binding energies values were found to increase in the
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Figure 7. Plots and energies (eV) of HOMO and LUMO
orbitals in the complex of TC isomer of 1bwith Ba2þ (capped
geometry)
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order: Naþ<Liþ<Ba2þ<Pb2þ<Mg2þ. This result is
best understood by considering the fact that the hardness
of the cation decreases as the radius increases.
For PM1b-capped complexes, the binding energies values
were calculated to 5 to 30 kcal �mol�1 lower than that
calculated for PM1b-Cw. This suggests an additional
interaction in PM1b-capped complex through charge
transfer between the cation and the oxygen of the
carbonyl group. Finally, on the basis of binding energy
analysis, one can class the cation according to their
affinity toward the crown-ether and susbstituted chro-
mene in the following way: Mgþ2> Pbþ2>Baþ2>
Liþ>Naþ.


Theoretical electronic spectrum and molecular
orbital analysis. The calculated maximum of the
absorption long wavelength bands of the TC open
merocyanine form of PM1a and PM1b and their 1:1
complex with Liþ, Naþ, Mgþ2, Baþ2 and Pbþ2 cations
(are listed in Table S10 of Supplementary materials).


The uncomplexed TC isomer of PM1a shows a strong
absorption at 415 and 420 for the chair and twisted-boat
conformation of morpholine group, respectively. Both
values agree well with the experimental finding at
422 nm. The strong absorption for TC isomers of PM1b;
that is PM1b-D3d, PM1b-Ci, PM1b-Cii and PM1b-Ciii;
are ranging between 407 and 419 nm which match well
with the experimental value (420 nm). The results
indicate that the combination of HF/6-31G optimised
geometry with B3LYP functional for TDDFT calcu-
lations is a methodology making it possible a high degree
of accuracy in excitation energies with a reasonable
computing time.


It is shown that complexation of carbonyl oxygen atom
with Liþ in PM1a-O and in bridged structures, PM1a-
bridged, induces strong bathochromic shift. The maxi-
mum absorption is calculated at 461 nm and 478 nm for
(PM1ac-O)�Liþ and (PM1ab-bridged)�Liþ complexes
respectively. On the contrary, the complexation of oxygen
of morpholine group does not lead to significant shift
as compared to uncomplexed merocyanine. The maxi-
mum absorption bands for (PM1ac-M)�Liþ and (PM1ab-
M)�Liþ are calculated at 439 and 452 nm respectively.
The experimental data indicate no shift in the maximum
absorption band when PM1a is irradiated in the presence
of lithium or sodium cations. Thus, the results based on
excitation energy calculations suggest that the complexa-
tion of the monovalent cation involves the morpholine
group rather than the merocyanine part of the system.
This hypothesis is consistent with the relative energies of
the complexes found in solvent and discussed in previous
section.


Coordination of the PM1b existing in the merocyanine
form with cation leads to the bathochromic shift in the
maximum absorption calculated as being a HOMO -
!LUMO transition. These orbitals are mainly deloca-
lised on the conjugated skeleton of the merocyanine form;
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see for example the HOMO and LUMO orbitals of capped
complexe between 1b and Ba2þ displayed in Fig. 7.
However, this shift strongly depends on the structure of
the complex and the found order is PM1b-Cw< PM1b-
capped< PM1b-O. For PM1b-Cw complex, the calcu-
lated lowest excitation energies are in a very good
agreement with experimental data and only system-
atically underestimate is by 10 nm. According to the
calculation the crown ether complexation by mono- or
divalent cation in PM1b-Cw do not cause significant
changes in the maximum absorption contrary to the
experimental findings. On the other hand the coordination
of the carbonyl oxygen in 1b-O complexes induces too
strong bathochromic shift of the maximum absorption
when compared to experimental data. Therefore both
energetic and spectroscopic results suggest that the
coordination of carbonyl oxygen atom by cation in 1b-O
can be ruled out.


Coordination of the metal to the oxygen of the
merocyanine form in the capped complexes induces
a bathochromic shift by 12 nm, 15 nm and 31 nm
for Mg2þ, Ba2þ and Pb2þ respectively. The maximum
absorption are calculated at 455 nm, 450 nm, 495 nm,
498 nm and 515 nm with Naþ, Liþ, Mg2þ, Ba2þ and Pb2þ


cations, respectively. These values are in good agreement
with experimental data reported in Table 3. The bath-
ochromic shift can be relied to the quinoidal deformation
of the merocyanine type structure upon oxygen com-
plexation which raise the HOMO energy orbital and lower
the LUMO energy orbital. A relatively good correlation
between HOMO-LUMO gap energies and the maximum
absorption is obtained as shown in Fig. 8.

Liquid-liquid extraction properties of the
benzochromenes 1b,c


The extraction capabilities of the azacrown ethers were
tested in aqueous solution of various types of metal
cations and counter ions and by using of different organic
phases.


The extraction ability of azacrown ether ligands depends
on the acidity of the solution. Thus, in the presence of
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Table 3. Calculated maximum absorption long wavelength of the TC isomers for PM1a and PM1b compounds


Complex PM1a


lmax


Complex PM 1b


lmax


calclulated Experi-mental calclulated Experi-mental


PM1a — 422 PM 1b — 420
PM 1ac 415 — PM 1b-D3d 412 —
PM 1ab 420 — PM 1b-Ci 414 —
PM 1a �Liþ — 420 PM 1b-Cii 419 —
(PM 1ac-O) �Liþ 461 — PM 1b-Ciii 407 —
(PM 1ac-M) �Liþ 439 — PM 1b �Liþ — 450
(PM 1ac-bridged) �Liþ 483 — (PM1b-Cw) �Liþ 447 —
(PM 1ab-O) �Liþ 461 — (PM 1b-O) �Liþ 471 —
(PM 1ab-M) �Liþ 452 — (PM 1b-capped) �Liþ 455 —
(PM 1ab-bridged) �Liþ 478 — PM 1b �Naþ — 440
PM 1a �Naþ — 420 (PM 1b-Cr) �Naþ 446 —
(PM 1ac-O) �Naþ 443 — (PM 1b-O) �Naþ 457 —
(PM 1ac-M) �Naþ 436 — (PM 1b-capped) �Naþ 450 —
(PM 1ac-bridged) �Naþ 471 — PM 1b �Mgþ2 — 470
(PM 1ab-O) �Naþ 440 — (PM 1b-Cr) �Mgþ2 484 —
(PM 1ab-M) �Naþ 448 — (PM 1b-O) �Mgþ2 527 —
(PM 1ab-bridged) �Liþ 466 — (PM 1b-capped) �Mgþ2 495
PM 1a �Mgþ2 — 460 PM 1b �Baþ2 — 460
(PM 1ac-O) �Mgþ2 540 — (PM 1b-Cr) �Baþ2 480 —
(PM 1ac-bridged) �Mgþ2 438 — (PM 1b-capped) �Baþ2 498 —
(PM 1ac-M) �Mgþ2 543 — PM1b � Pbþ2 — 500
(PM 1ab-bridged) �Mgþ2 533 — (1b-Cr) � Pbþ2 484 —
PM 1a �Baþ2 — 420 (PM 1b-capped) � Pbþ2 515
(PM 1ac-O) �Baþ2 602 — — — —
(PM 1ac-M) �Baþ2 386 — — — —
(PM 1ab-bridged) �Baþ2 546 — — — —
PM 1a � Pbþ2 — 465 — — —
(PM 1ac-M) � Pbþ2 562 — — — —
(PM 1ab-bridged) � Pbþ2 547 — — — —
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protons the formation of protonated form of 1b,c which is
not able to bind metal cations was observed. The results
indicate that the most effective extraction was found at pH
6.2 (Fig. S1 in Supplementary materilas shows the pH
dependence of Agþ extraction). The following experiments
were carried out at this condition.


In order to obtain the selectivity of ligand 1b,c towards
metal ion the extractability of metal salt Csþ, Agþ,
Zn2þ and Eu3þ was carried out in the system metal
salt-NaClO4-MES/NaOH buffer 6.2/ligand-CHCl3. The
results were shown in Fig. 9a. As expected the ligands

Figure 8. Correlation between the calculatedmaximumabsorption
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1b,c show very high extractability against the soft Agþ.
Whereas, Csþ, Zn2þ and Eu3þ were not conveyed by this
ligands into the organic phase. Ligands 1b,c exhibit
different Agþ extraction results according to the number
nitrogen donor atoms in the crown ether fragment. The
extraction of Agþ with the one nitrogen atom containing
1b is among 4%. Whereas ligand 1c, which provides
two nitrogen atoms, extract of Agþ significant better
with 90%.


Further, competitive Agþ extraction experiments with
an equimolar addition of Cu(ClO4)2, Hg(ClO4)2 or

(in nm) of TC isomer for 1b and the HOMO-LUMOgap (in eV)
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Figure 9. a) Extraction of Csþ, Agþ, Zn2þ and Eu3þ; b) extraction of Agþ in the presence of Pb2þ, Cu2þ and Hg2þ;
[M(ClO4)n]¼ 1�10�4M and [NaClO4]¼ 5�10�3M; [ligand]¼1�10�3M in CHCl3; MES/NaOH buffer pH¼6.2


Figure 10. Extraction of Agþ with ligands 1b,c depending on ligand concentration [AgClO4]¼1�10�4M,
[NaClO4]¼ 5�10�3M; [ligand]¼ 5�10�4–2.5�10�3M in CHCl3; MES/NaOH buffer pH¼ 6.2
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Pb(ClO4)2 were preformed, where the distribution of Agþ


was monitored. As shown in Fig. 9b, the presence of the
listed metal ions does not influence the results of the Agþ


extraction. The results demonstrate the high selectivity
toward Agþ.


Details of the extracted metal complexes composition
in the organic phase could be achieved by slope analysis
of lg DM–lg cL(org) diagram. Results of such experiments
are shown for Agþ extraction with ligands 1b,c in Fig. 10.

Table 4. The extraction % of Agþ in presence of different
[NaClO4]¼ 5�10�3M, [NaNO3]¼5�10�3M and [HPic]¼5�10�3M
organic solvents, [Agþ]¼1�10�4M, [NaClO4]¼ 5�10�3M; MES/N


Ligand


extracti


In CDCl3


AgPic AgClO4 AgNO3 CHCl3 C6H5N


1b 29 3.7 1 3.7 21.9
1c 83 90.2 18 90.2 99.4
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The straight line slopes for ligands 1b and 1c point out
that the ligands form 1:1-complexes with Agþ under the
chosen conditions.


The nature of anions influences on extraction is
presented in Table 4. The ion, which passes into organic
phase, must be firstly dehydrated in aqueous phase.
Thereby lowly hydrated hydrophobic picrate anion is
favoured, while highly hydrated, hydrophilic anion nitrate
complicates the extraction. These is confirmed by the

counter ions [AgClO4]¼1�10�4M, [AgNO3]¼1�10�4M;
respectively; [ligand]¼1�10�3M in CHCl3; and for different
aOH-buffer pH¼ 6.2, [ligand]¼1�10�3M, 258C


on % of AgX


AgClO4


O3 C2H4Cl2


C2H4Cl2
(on sun light)


C2H4Cl2
(irradiation at 254 nm)


28.0 3.7 4.1
99.3 90.2 90.6
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obvious decrease of Agþ extraction from picrate to nitrate
(see data in Table 4).


An important influencing factor on extraction equi-
librium is the nature of employed solvent. Polar solvents
usually lead to increase of the extraction, because the
extracted ion pair is better stabilised in the more polar
organic phase. In Table 4 it is shown, that extractability
of Agþ with ligands 1b,c in chloroform is clearly lower
than in more polar solvents nitrobenzene and 1,2
dichlorethane.25


The influence of light on extraction of Agþ was
analyzed (Table 4). The sun light or irradiation of the
solution containing ligands slightly decreased the
extraction ability of both ligands 1b,c. In principal, the
results are in agreement with the facts obtained by UV-
spectroscopy and flash-photolysis method. Thus, Agþ


forms the complex through the crown ether fragment. The
open merocyanine form exists as mixture of quinoid and
betain forms. The presence of positive charge in betain
form prevents the introducing of metal cation into the
molecule. It means that the transformation to the open
form decreases the ability of photochromic ligand to bind
the metal cations (Scheme 9).

CONCLUSIONS


Thus, the study demonstrates that the spectroscopic and
kinetic behavior of the photomerocyanine isomers of the
chromenes 1a-c is strongly affected by complexation with
metal cations. In the photomerocyanine form of
compounds 1b,c the formation of carbonyl-‘capped’
complexes with Ba2þ and Pb2þ was found.


We have explored the different site of coordination of
mono- and divalent cations to determine the minimum-
energy structure of PM1a and PM1b complexes in gas
phase as well as in acetonitrile as solvent. With regard to
the PM1a merocyanine isomer, the cation coordinates
with both carbonyl oxygen and morpholine group in a
bridged structure in gas phase, while most probably, the
morpholine substituent is complexed by the cation in
condensed medium. Concerning the PM1b merocyanine,
the coordination of both carbonyl oxygen and crown-
ether macrocyle with divalent cations in carbonyl-capped
structure is found to be the most stable isomer in gas as

Copyright # 2007 John Wiley & Sons, Ltd.

well as in condensed media. The preference for capped
structure with mono-valent cation such as Liþ and Naþ is
less pronounced and the coordination of only crown-ether
moiety by sodium cation can be even favoured in
condensed medium.


The extraction of Agþ were found from aqueous
solution to organic phase in present of benzochromene
1b,c. The presence of two nitrogen atoms increases the
extraction ability of the ligand. The extraction process
was found to be of high selectivity. It is possible to
extract Agþ from mixtures containing alkali, transition
and heavy metal cations.

EXPERIMENTAL


Reagents and chemicals


The ligands 1a-c were prepared as described in.19,21


Anhydrous MeCN, LiClO4, NaClO4, CsClO4,
Mg(ClO4)2, Sr(ClO4)2, Ba(ClO4)2, AgClO4, Cd(ClO4)2,
Hg(ClO4)2, Cu(ClO4)2, Pb(ClO4)2, Zn(ClO4)2 and
Eu(ClO4)3 (Aldrich) were used as received.


X-ray diffraction analysis. Crystals of the compound
suitable for X-ray crystallography were grown by slow
evaporation from acetonitrile solutions. The structure was
solved by direct methods and refined by full-matrix
least-squares on F2 in anisotropic approximation for all
non-hydrogen atoms. The hydrogen atoms were calcu-
lated geometrically and refined using the ‘riding’ model.


The Bruker SAINT program26 was used for data
reduction. The SHELXTL-Plus27 software was used for
the structure solution and refinement. Crystallographic
data and structure solution and refinement parameters are
given in Table S3 (of Supplementary materials). Crystal-
lographic data (excluding structure factors) for the
structure have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publi-
cation no CCDC 245027. Copy of the data can be
obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: (þ44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk).


UV/Vis spectroscopy and kinetic
measurements


UV/Vis absorption spectra were recorded with a spectro-
meter «USB2000» (kinetic measurements) and a spec-
trometer «Cary 50». The dark lifetimes of photomer-
ocyanines of 1a-c were measured using an experimental
setup with a mercury flash lamp. The resolution time was
less than 1 ms. The photostationary absorption spectra of
merocyanine isomers were measured with the same setup
upon steady-state irradiation of solutions with glass-
filtered 365 nm light of a DRSh-250 high-pressure
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mercury lamp. The range of scanning was 400–750 nm
with 1 nm increment.


Computational details


The compounds studied in this paper and its metal
complexes present a significant computational challenge.
At the heart of this challenge are the number of atoms
(61 and 89 in cations complexes of 1a and 1b,
respectively) and the structural flexibility of the crown
ether macrocyclic backbone in 1b compound. Restricted
Hartree-Fock (RHF) wave functions were utilised to
optimise molecular geometry in redundant internal
coordinates. Geometry optimisations were carried out,
without any symmetry constraint, using both the 6-31G
basis set28 and the SDD29 pseudopotential for heavy
atoms (Ba and Pb). Vibrational frequency calculations
have been performed to ensure that the optimised
structures (substituted benzochromene and complexes)
correspond to energy minima. Solvents effects were
included through single-point calculations using the
polarised continuum model (PCM) of Tomasi and
co-workers.30 To investigate the binding affinities of 1b
for the cations, additional calculations were performed
with density functional theory (DFT) were a wave
function incorporating Becke’s three-parameter hybrid
functional (B3) was used along with the Lee-Yang-Parr
correlation functional (LYP).31 The binding affinities
were evaluated by computing the energies of the
gas-phase association reactions:


Mþ þ 1b ! Mþ=1b


where the free substituted 1b benzochromene corre-
sponds to the lowest-energy conformation isomer. Basis
set superposition error was accounted by the full
counterpoise correction of Boys and Bernardi.32 Single
point calculations of each species of the previous equation
were performed at DFT level of calculations using the
HF/6-31G optimised geometry. Both small 6-31G and
more extended 6-31þG(d) basis set were used for such
calculations. The low lying excited states were calculated
within the adiabatic approximation of time dependent
density33 with the B3LYP hybrid functional. It is known
that the B3LYP functional overestimate the electron
delocalisation,34 therefore the HF/6-31G optimised
molecular geometry were used as input geometry for
TDDFT calculations. Vertical excitation energies were
computed for the first 10 singlet excited states, in order to
reproduce the UV–visible spectra of free and complex
compounds. All the calculations have been performed
using Gaussian 98 program package.35


Liquid-liquid extraction using radiotracer
technique


The liquid-liquid extraction experiments were per-
formed at 24� 18C in microcentrifuge tubes (2 cm3) by

Copyright # 2007 John Wiley & Sons, Ltd.

means of mechanical overhead shaking. The phase
ratio V(org): V(w) (500ml each) was 1:1. In the water
phase the initial concentration of the metal ion was
1�10�4M I counter ion was added in a concentration of
5�10�3M as there sodium salt (NaNO3; NaClO4) and
acid form (Hpic), respectively . The Ligand concen-
tration in the organic phase was 1�10�3M The shaking
time was chosen as 30min. All experiments were
preformed at a pH of 6.2 by using the MES/NaOH
buffer system (MES – 2(N-Morpholine)ethansulfonic
acid). After the extraction, all samples were centri-
fuged and the phases separated. The distribution of the
metal ion concentration was detected in both phases
radio metrically by g -radiation of 110mAg, 137Cs,
65Zn and 153Eu in a NaI (TI) scintillation counter
(Cobra II/Canberra-Packard). The equilibrium pH was
measured by using an InLab micro pH electrode.


The easily accessible experimental parameter in
liquid-liquid extraction systems represents the distribution
ratio DM, the quotient of the metal concentrations in the
organic and aqueous phase, or the per centage extrac-
tability (E%): DM¼CM(org)/CM(w); E[%]¼ 100�DM/
(DMþ1)
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ABSTRACT: The kinetics of the reaction of
CH-COCF3 (1a–e) [(1a), R1——C2H5, R2——H;
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b-substituted b-alkoxyvinyl trifluoromethyl ketones R1O-CR2——
(1b), R1——R2——CH3; (1c), R1——C2H5, R2——C6H5; (1d), R1——


C2H5, R
2——V�pNO2C6H4; (1e), R


1——C2H5, R
2——C(CH3)3] with four aliphatic amines (2a–d) [(2a), (C2H5)2NH;


(2b), (i-C3H7)2NH; (2c), (CH2)5NH; (2d), O(CH2CH2)2NH] was studied in two aprotic solvents, hexane and
acetonitrile. The least reactive stereoisomeric form of (1a–d) was the most populated (E-s-Z-o-Z) form, whereas
in (1e), the more reactive form (Z-s-Z-o-Z) dominated. The reactions studied proceeded via common transition state
formation whose decomposition occurred by ‘uncatalyzed’ and/or ‘catalyzed’ route. Shielding of the reaction centre
by bulky b-substituents lowered abruptly both k0 (‘uncatalyzed’ rate constant) and k00 (‘catalyzed’ rate constant) of this
reaction. Bulky amines reduced k00 to a greater extent than k0 as a result of an additional steric retardation to the
approach of the bulky amine to its ammonium ion in the transition state. An increase in the electron-withdrawing
ability of the b-substituent increased ‘uncatalyzed’ k0 due to the acceleration of the initial nucleophile attack (k1) and
‘uncatalyzed’ decomposition of transition state (k2) via promoting electrophilic assistance (through transition state 8).
The amine basicity determined the route of the reaction: the higher amine basicity, the higher k3/k2 ratio (a measure of
the ‘catalyzed’ route contribution as compared to the ‘uncatalyzed’ process) was. ‘Uncatalyzed’ route predominated
for all reactions; however in polar acetonitrile the contribution of the ‘catalyzed’ route was significant for amines with
high pKa and small bulk. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/suppmat/0894-3230/suppmat/

KEYWORDS: nucleophilic substitution; alkoxyvinyl trifluoromethyl ketones; amine basicity

INTRODUCTION


The replacement of a hydrogen atom by a fluorine atom or
by a fluoroalkyl group in organic molecules may exert
extreme influence on their physical and biological
properties.1,2 In particular today, fluorine-containing
heterocycles are widely recognized as important organic
materials exhibiting interesting biological activities due
to their potential use in medicine and agriculture.3 From
this point of view, a,b-unsaturated trifluoromethyl
ketones (trifluoromethyl-a,b-enones) are very convenient
‘building blocks’ for the synthesis of various fluorine-
containing heterocycles, enaminones (which may be used
as versatile intermediates for the synthesis of fluorine-

to: S. I. Vdovenko, Institute of Bioorganic Chemistry
try, National Academy of Sciences of Ukraine, Str.
094 Kiev, Ukraine.
bpci.kiev.ua


lementary information (ESI) is available: Table 4
the kinetic data for reaction of compounds (1a–d)
–d). The synthesis of 4-ethoxy-1,1,1-trifluoro-5,5,-
-2-one (1e) is described.


7 John Wiley & Sons, Ltd.

containing analogues of natural products4), dyes, drugs,
and protective reagents for amino group in peptide
synthesis.5–7


Recent achievements in the chemistry of b-alkoxyvinyl
trifluoromethyl ketones6,8,9 have resulted in increasing
interest in the mechanistic peculiarities of reactions of
titled vinyl ketones with nucleophiles.10,11 Substitution
of CH3 by CF3 enhances electron-withdrawing ability of
COR-group,8 and hence rises the electrophilicity of
b-position of the C——C double bond in alkene: observed
second-order rate constant of the ethoxyvinyl trifluor-
omethyl ketone reaction with diethyl amine is
about 104-fold larger than kobsd of the methoxyvinyl
methyl ketone reaction with appropriate amine (4.44 and
2,61� 10�4 dm3mol�1 s�1, respectively10). According to
the variable-transition-state model developed for nucleo-
philic vinylic substitution by Rappoport12–16 the reaction
proceeds via a single step (concerted) route when the
leaving group is a very good nucleofuge and the alkene is
a weak electrophile, whereas highly electrophilic alkenes,
especially those carrying a poor or moderate nucleofuge,
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react via the multi-step route. When the nucleophile is
neutral, mostly an amine, the first-formed intermediate is
the zwitterion. In moderately electrophilic alkenes, that
is, when only one of a-substituents is a strongly
electron-withdrawing group (EWG), the kinetics is
overall second order, that is, first order in amine.12


However, for b-alkoxyvinyl trifluoromethyl ketones,
systems with one strong EWG-group and poor leaving
OAlk, appearance of a third-order rate coefficient was
observed in equation at high amine concentrations.10


In the present work, we extended these studies to five
additional enones (1a–e) with b-substituents, viz.
H, CH3, C6H5, p-NO2C6H4, and C(CH3)3, expecting to
observe amine catalysis at least for some secondary
amines. We reasoned that a b-substituent changes not
only the charge on the reaction centre, thus modifying the
enone electrophilicity, but also makes intermediate
zwitterion more ‘crowdy’, and thereby destabilizes it.
At the same timewe have studied the influence of basicity
and bulk of secondary amines on kinetic routes. The
presence of rotational isomerism in b-substituted alkoxy-
vinyl methyl ketones17–19 prompted us to investigate the
effect of the structure of enones (1a–e) on their reactivity.


EXPERIMENTAL


Materials


n-Hexane (obtained from Aldrich) was purified using
standard techniques and was dried over the appropriate
drying agent before use. Acetonitrile (Merk, Uvasol) was
purified additionally by a four-step method as previously
described,10 stored under N2 and distilled prior to use. All
amines were purified as described,20 stored under dry N2


in darkness and were distilled just before use. All enones
(1a–e) were stored under dry N2 at þ48C and were
purified by distillation before use.


Compounds (1a),8 (1b),21 (1c)21, and (1d)22 were
prepared as described. 4-Ethoxy-1,1,1-trifluoro-5,5-
dimethylhex-3-en-2-one (1e) was obtained by applying
the procedure described for (1a)8 and using
2-ethoxy-3,3-dimethylbut-1-ene and trifluoroacetic acid
anhydride. (87%), bp 698C (13mmHg) (see Supple-
mentary part). (Found: C, 53.72; H, 6.61. C10H15F3O2


requires C, 53.57; H 6.74%); Z-isomer: dH(CDCl3;
300MHz; Me4Si) 1.20 (9 H, s, CMe3), 1.36 (3 H, t,
J 7.0, CH3), 4.23 (2 H, q, J 7.0, OCH2) and 5.76 (1 H,
s, CH——); dF(CDCl3; 282.3MHz; CCl3F) �78.18
(s, CF3); E-isomer: dH(CDCl3; 300MHz; Me4Si) 1.30
(9 H, s, CMe3), 1.43 (3 H, t, J 7.0, CH3), 3.97 (2 H, q,
J 7.0, OCH2) and 5.50 (1 H, s, CH——); dF(CDCl3;
282.3MHz; CCl3F) �78.29 (s, CF3).


Kinetic measurements


Kinetic measurements were carried out under pseudo-
first-order conditions by adding 10ml of a 10�2M (if not

Copyright # 2007 John Wiley & Sons, Ltd.

stated otherwise, see subscripts for Table 1) solution of
the substrate (1a–e) to 2ml of the amine solution in
thermostated (with accuracy �0,28C) quartz 1.0 cm cells
(Hellma) at temperatures 20 and 408C. The kinetic
measurements were followed by UV-visible spectropho-
tometry at fixed wavelengths (303–332 nm, depending on
the product absorption). The product accumulation was
recorded by registration of the optical density changes at
the analytical wavelength. All kinetic runs were followed
on at least 3–4 half-lives. The reaction rate constants were
calculated by Guggenheim method using Eqn (1)


lnðDtþDt � DtÞ ¼ �kt þ lnðD1 � D0Þð1� e�kDtÞ (1)


where D0 is initial optical density of the substrate, Dt and
DtþDt are the optical densities of product at time t and
(tþDt), respectively, Dt being constant time increment,
D1 is the final optical density of product, and k is the rate
constant. Eqn (1) is the equation of a straight line whose
slope yields the rate constant k. Guggenheim’s method is
more reliable23 than the traditional ‘infinity’ method as it
does not require the determination of final D1, since at
high amine concentrations precise measurement of D1
often is impossible in view of amine oxidation. The
observed second-order coefficients (kobsd) were obtained
dividing the pseudo-first-order coefficients by the amine
concentration. In many systems the observed second-
order constant kobsd increased linearly with increase in the
amine concentration according to Eqn (2):


kobsd ¼ k0 þ k00½Amine� (2)


In the systems where kobsd was independent of amine
concentration, the second-order rate constants were
determined as the average of at least 10 experiments.

RESULTS AND DISCUSSION


Results of the kinetic investigations of reactions of (1a–e)
with diethylamine (2a), diisopropylamine (2b), piper-
idine (2c), and morpholine (2d) are shown in Table 1.
These amines were selected on pKa and bulk criteria: the
amine (2a–c) pKa’s were similar [viz. 11.09 (2a); 11.07
(2b); 11.1 (2c)], but their sizes different, whereas amines
(2c) and (2d) were of similar bulk but differed markedly
in pKa [8.3 (2d)]. For most systems, the kinetic curves
were straight lines (as in Fig. 1) but in some cases,
the kinetic curve can be seen as a sequence of straight-
line portions with different slopes (cf. Fig. 2). The
plausible reason of this behaviour was accounted for by
difference in rate coefficients of the spatial forms of
enones (1a–e). Eight stereoisomeric forms are to be ex-
pected for the b-alkoxyvinyl trifluoromethyl ketones (1a–e)
(see Fig. 3), but as we showed previously,19 (1a,b) are in
(E)-form only, whereas enones (1c–d) are mixtures of both
(E) and (Z) isomers. Moreover, the number of stereo-
isomeric forms of the titled compounds was reduced by

J. Phys. Org. Chem. 2007; 20: 190–200


DOI: 10.1002/poc







Table 1. Kinetic data for the reaction of enones (1–e) with amines (2a-d)


Enone Amine Solvent T, 8C
Amine


concentration, Ma Stereoisomer
Uncatalyzed
processb k0


Catalyzed
process k00 c k00/k0d


1a 2a n-Hexanee 20 (2.5–2)� 10�4 E-s-Z-o-Z 4.24 1.43 � 102 34
40 (2.5–12)� 10�4 7.85 3.49� 102 45


2b n-Hexane 20 (5–50) � 10�2 E-s-Z-o-Z 3.04� 10�3f (1.55� 10�3)f,j (5.1 � 10�1)j


40 (5–50) � 10�2 7.27� 10�3f (2.87� 10�3)f,j (3.9 � 10�1)j


Acetonitrile 20 (1–50) � 10�2 E-s-Z-o-Z 1.52� 10�1f 6.14� 10�1f 4.0
40 (1–5) � 10�2 2.17� 10�1f 3.89f 18


2c n-Hexanee 12 (3–10) � 10–4g E-s-Z-o-Z 4.05 � 101 2.37 � 103 58
20i (3–9) � 10�4g 4.94 � 101 3.40 � 103 69


n-Hexane 40 – E-s-Z-o-Z 7.77 � 101h 7.77� 103h 1.0 � 102


2d 20 (3–12) � 10�4 8.76 0.00 0.00
n-Hexane 40 (3–11) � 10�4 1.25 � 101 0.00 0.00


1b 2a 20 (5–50) � 10�2 E-s-Z-o-Z 2.04� 10�3 (2.01� 10�3)j (9.9 � 10�1)j


Acetonitrilee 40 (5–50) � 10�2 5.27� 10�3 (2.89� 10�3)j (5.5 � 10�1)j


20 (1–10) � 10�2 E-s-Z-o-Z 8.74� 10�2 3.67� 10�2 4.2 � 10�1


Acetonitrile 40 (1–5) � 10�2 1.96� 10�1 2.20� 10�1 1.1
2b 20 (1–10) � 10�1 E-s-Z-o-Z 1.26� 10�3 0.00 0.00


n-Hexanee 40 (1–8) � 10�1 2.66� 10�3 0.00 0.00
2c 20 (3–10) � 10�3 E-s-Z-o-Z 8.18� 10�2 1.20 14.7


Acetonitrilee 40 (1–10)� 10�3 1.83� 10�1 1.64 9.0
20 (3–11)� 10�4 E-s-Z-o-Z 3.67 4.52 � 102 1.2 � 102


n-Hexane 40 (3–11) � 10�4 6.41 8.88 � 102 1.4 � 102


2d 20 (1–12) � 10�2 E-s-Z-o-Z 1.87� 10�2 1.16 � 10�1 6.2
Acetonitrile 40 (0.5–8.5) � 10�2 3.88� 10�2 1.41 � 10�1 3.6


20 (1–10) � 10�3 E-s-Z-o-Z 4.85 � 10�1 4.70 9.7
n-Hexane 40 (0.5–5) � 10�3 9.28 � 10�1 17.40 18.8


1c 2a 20 (5–60)� 10�2 E-s-Z-o-Z 5.49� 10�3 (3.04� 10�4)j (5.5� 10�2)j


Acetonitrile 40 (5–50) � 10�2 1.36� 10�2 (7.55� 10�4)j (5.6� 10�2)j


20 (1–5) � 10�2 E-s-Z-o-Z 1.77� 10�2 2.67� 10�2 1.5
1c 2a Acetonitrile 40 (1–5) � 10�2 E-s-Z-o-Z 4.70� 10�2 1.05� 10�2 2 � 10�1


2bl Acetonitrilek 20 (3–9) � 10�2 Z-s-Z-o-Z 2.66� 10�3 8.19� 10�3 3.1
(1–3) � 10�1 E-s-Z-o-E 1.75� 10�3 1.26� 10�2 7.2
(1–10) � 10�1 E-s-Z-o-Z 2.39� 10�4 (�8.12� 10�5)j (�0.3)j


40 (1–5) � 10�2 Z-s-Z-o-Z 2.08� 10�2 4.26� 10�1 20.5
(1–5) � 10�2 E-s-Z-o-E 7.78� 10�3 6.05� 10�2 7.8
(1–10) � 10�1 E-s-Z-o-Z 3.84� 10�4 (�3.92� 10�3)j (�10)j


2c n-Hexane 20 (0.1–1)� 10�2 E-s-Z-o-Z 2.14 � 10�1 (6.60� 10�1)j (3.09)j


40 (0.1–1)� 10�2 4.45� 10�1 (6.27� 10�1)j (1.41)j


Acetonitrile 20 (0.5–1.2)� 10�3 E-s-Z-o-Z 5.69� 10�1 1.03 � 102 1.81 � 102


40 (0.5–1.2)� 10�3 1.05 3.92 � 102 3.73 � 102


2d n-Hexane 20 (1–10)� 10�2 E-s-Z-o-Z 9.20� 10�2 (6.57� 10�2)j (7.1� 10�1)j


40 (1–10) � 10�2 1.44 � 10�1 (1.45� 10�1)j (1.01)j


Acetonitrile 20 (1–10) � 10�3 E-s-Z-o-Z 1.06� 10�1 3.64� 10�1 3.44
40 (1–10) � 10�3 2.34� 10�1 3.49 14.94


1d 2a n-Hexane 20 0.04–0.4 E-s-Z-o-Z 9.87� 10�3 0.00 0.00
40 0.05–0.4 2.26� 10�2 0.00 0.00


Acetonitrile 20 (0.5–4.0)� 10�2 E-s-Z-o-Z 3.44� 10�2 1.33� 10�2 3.86
40 (0.5–4.0)� 10�2 8.65� 10�2 8,98� 10�2 1.04


2b Acetonitrile 20 0.5–1.40 E-s-Z-o-Z 1.89� 10�4 0.00 0.00
40 0.5–1.30 3.36� 10�4 0.00 0.00


2c n-Hexane 20 (0.1–1.0) � 10�2 E-s-Z-o-Z 4.37� 10�1 (1.05)j (2.41)j


40 (0.1–1.0) � 10�2 8.49� 10�1 (8.76� 10�1)j (1.03)j


Acetonitrile 20 (0.1–1.0) � 10�2 E-s-Z-o-Z 1.47 1.84� 101 12.55
40 (0.5–5.0) � 10�3 2.55 1.34� 102 52.55


2d n-Hexane 20 (0.5–5.0) � 10�2 E-s-Z-o-Z 8.28� 10�2 (�1.24� 10�1)j (�1.5)
40 (0.5–5.0) � 10�2 1.63� 10�1 0.00 0.00


Acetonitrile 20 (0.5–5.5) � 10�2 E-s-Z-o-Z 1.81� 10�1 1.24� 10�1 7.0� 10�1


1d 2d Acetonitrile 40 (0.25–2.5) � 10�2 E-s-Z-o-Z 3.95� 10�1 5.42� 10�1 1.37


(Continues)
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Table 1. (Continued)


Enone Amine Solvent T, 8C
Amine


concentration, Ma Stereoisomer
Uncatalyzed
processb k0


Catalyzed
process k00 c k00/k0d


1e 2a Hexane 25 (5–10)� 10�1 Z-s-Z-o-Z 9.01� 10�4 (7.29� 10�4)j (0.81)j


40 (2–6.5)� 10�1 1.54� 10�3 (8.30� 10�4)j (0.54)j


Acetonitrile 25 (5–9)� 10�1 E-s-Z-o-Z 4.15� 10�4 0.00 0.00
(5–9)� 10�1 Z-s-Z-o-Z 1.13� 10�2 0.00 0.00


40 (2–6)� 10�1 E-s-Z-o-Z 1.50� 10�3 0.00 0.00
(2–6)� 10�1 Z-s-Z-o-Z 1.56� 10�2 0.00 0.00


2c Hexane 25 (5–10) � 10�1 Z-s-Z-o-Z 1.92� 10�3 (7.69� 10�4)j (4.0� 10�1)j


(5–10) � 10�1 E-s-Z-o-Z 3.08� 10�4 (1.40� 10�4)j (4.5� 10�1)j


40 (2–7) � 10�1 Z-s-Z-o-Z 4.30� 10�3 (3.87� 10�4)j (9.0� 10�2)j


(2–7) � 10�1 E-s-Z-o-Z 7.43� 10�4 (7.32� 10�4)j (9.9� 10�1)j


Acetonitrile 20 (1–5) � 10�1 Z-s-Z-o-Z 4.24� 10�2 (�2.13� 10�3)j 0.00
(1–5) � 10�1 E-s-Z-o-Z 4.91� 10�3 (�1.30� 10�3)j 0.00


40 (5–24) � 10�2 Z-s-Z-o-Z 1.02� 10�2 (�2.84� 10�2)j 0.00
(5–28) � 10�2 E-s-Z-o-Z 5.63� 10�3 1.01� 10�2 1.79


55 (1–8) � 10�2 Z-s-Z-o-Z 3.97� 10�3 0.91 2.30� 102


(1–10) � 10�2 E-s-Z-o-Z 5.85� 10�2 (�2.70� 10�2)j 0.00
2d Hexane 40 (1–5) � 10�1 Z-s-Z-o-Z 7.15� 10�4 (5.09� 10�4)j (7� 10�1)j


(1–5) � 10�1 E-s-Z-o-Z 1.27� 10�4 6.54� 10�4 5.1
55 0.05–0.25 Z-s-Z-o-Z 1.60� 10�3 (1.19� 10�3)j (8� 10�1)j


0.05–0.25 E-s-Z-o-Z 7.9� 10�5 1.00� 10�3 12.7
Acetonitrile 20 (5–1) � 10�1 Z-s-Z-o-Z 6.96� 10�3 (�1.71� 10�4)j 0.00


(5–1) � 10�1 E-s-Z-o-Z 1.08� 10�3 (�1.23� 10�3)j 0.00
40 (2–6) � 10�1 Z-s-Z-o-Z 1.06� 10�2 2.15� 10�3 0.22


(2–6) � 10�1 E-s-Z-o-Z 3.55� 10�3 0.00 0.00
55 (5–35) � 10�2 Z-s-Z-o-Z 3.85� 10�3 3.72� 10�2 9.7


(5–35) � 10�1 E-s-Z-o-Z 1.18� 10�2 0.00 0.00


a Concentration range of amine used for second-order kinetics.
b l mol�1 s�1.
c l2mol�2 s�1.
d l mol�1.
e Enone concentration, 2.5� 10�5M.
f From reference 10.
g At higher concentrations the reaction is too fast to be monitores.
h Calculated from linear dependence ln k versus 1/T.
i At higher temperatures the reaction is too fast to be monitored.
j Apparent value.
k Enone concentration 5� 10�4M.
l In hexane, the reaction is too slow to be monitored.
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b-substitution (vide infra). For systems [(1e)þ (2a,c,d)],
where only two forms of (1e) [namely (Z-s-Z-o-Z) and
(E-s-Z-o-Z)] were present: the corresponding kinetic
curve consisted of two straight-line sections: the slope of
the first one was the sum of the rate coefficients for (Z)
and (E) isomers whereas the slope of the second one was
the rate coefficient for (E) isomer only (Fig. 2).


Earlier10 we have shown that changes in configuration
of products (4) are accompanied by changes in the band
shape in their UV-spectrum. During all kinetic measure-
ments we did not observe any change in the appropriate
band shapes (obtaining only one isobestic point in the
spectrum). Hence, similarly to12 no (E) !(Z) isomeriza-
tion of enaminones (4) was observed during the reaction.
We assume that the (E)/(Z) ratio is established at the
moment of the product formation. As can be seen from
Table 1 for systems [(1e)þ (2c)] and [(1e)þ (2d)],
kobsd(Z-s-Z-o-Z)> kobsd(E-s-Z-o-Z): kobsd(Z-s-Z-o-Z)/
kobsd(E-s-Z-o-Z) ratio was 8.6 and 6.5 for these systems

Copyright # 2007 John Wiley & Sons, Ltd.

in acetonitrile at 208C, and 6.2 and 5.6 in hexane at 25 and
408C, respectively; kobsd¼ k’ in the absence of k00, (see
below). These ratios are in accord with data for methyl
b-iodo-a-nitrocinnamates12 where (Z) isomer was 2.4
and 2.0 fold more reactive than (E) isomer in their
reaction with (2c) and (2d), respectively, in acetonitrile.
Generally, the rate coefficient for each configuration (ki)
can be evaluated from Eqn (3):


ki ¼
Xi


1


k �
Xi�1
1


k (3)


The reaction retardation in system [(1c)þ (2b)]
compared with system [(1c)þ (2a)], as a result of strong
steric hindrance, enabled us to estimate rate constants for
the three rotamers of (1c) which existed in acetonitrile19


using Eqn (3). By analogy with (1e) we attributed the
smallest kobsd to (E) isomer, namely (E-s-Z-o-Z), and
the largest one to (Z) isomer [viz. (Z-s-Z-o-Z)], the
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Figure 1. Kinetics of (1a) reaction with (2d) in hexane at
208C.
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Figure 3. Possible structures of enones (1a-e).
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intermediate value being kobsd of the (E-s-Z-o-E) form.
Reaction of (1c) with amine (2b) in hexane was too slow
to be monitored. For the other systems the reaction rates
of rotamers other than (E-s-Z-o-Z) were too high and/or
the percentage of these spatial forms was too small19


impeding the kobsd determination. Therefore, in these
cases only the rate constants of the most populated
(E-s-Z-o-Z) form were evaluated and listed in Table 1.


The least-square intercepts, which were the ‘uncata-
lyzed’ second-order rate coefficients, k0, the slopes, which
gave the ‘amine-catalyzed’ third-order rate coefficients k00


and their ratios k00/k0 are given in Table 1. We showed10
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Figure 2. Kinetics of (1e) reactionwith (2d) in acetonitrile at
208C: tga1¼ kobsd (E-s-Z-o-Z)þ kobsd (Z-s-Z-o-Z); tga2¼
kobsd (E-s-Z-o-Z).
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previously that the reaction rate of enones (1a,b) with
amines was strongly dependent on the relative permittiv-
ity of the reaction medium. Addition of polar substances
[viz. amines (2a–d)] to an apolar solvent like n-hexane
can affect the rate by changing the macro- and/or
micro-relative permittivity of the medium. Thus, the
‘catalytic effects’ observed at high amine concentrations
have to be considered with some caution. According to
the classification proposed by Bunnett and Garst,24 the
conclusion that a genuine base catalysis was involved
holds only for reactions where k00/k0 >50. When k00/k0 <5,
it was suggested that the observed acceleration was not
caused by catalysis. Moreover, addition of the less polar
amines (2a–d) to highly polar acetonitrile decreased the
relative permittivity of solution and reduced the rate
constant, kobsd. At high amine concentrations, k00 can
be even negative. In Table 1, all these dubious k00 and
k00/k0 values were enclosed in brackets. As it can be
seen from Table 1, the k00/k0 ratios were quite small
almost for all systems, excepting [(1a–d)þ (2c)] and
[(1e)þ (2c)] at 558C, (Z-s-Z-o-Z) where k00/k0 >50.
Hence, the relative contribution of the ‘catalyzed’ process
was so small that the reaction was nearly overall second
order.


The reactivity ratios of pairs of nucleophiles, that is,
k(2c)/k(2d), k(2c)/k(2b) and k(2c)/k(2a) for ‘uncatalyzed’
and ‘catalyzed’ routes are given in Table 2. Piperidinewas
always the most reactive nucleophile: in its reaction with
(1a) in hexane at 208C the relative reactivities were 1
(2b)< 1.39� 103 (2a)< 2.88� 103 (2d)<1 33� 104


(2c) for the ‘uncatalyzed’ route, and 1 (2b)< 9.23�
104 (2a)< 1.52� 106 (2c) for ‘catalyzed’ process
[concerning (E-s-Z-o-Z) form]. The same trend was
observed for the (Z-s-Z-o-Z) form too [relative reactiv-
ities for ‘uncatalyzed’ route were 1 (2d)< 1.62
(2a)< 6.09 (2c)]. An increase in bulk of b-substituent
lowered both k0 and k00 but the latter to a greater extent. As
a result, k00(2c)/k00(2a) reactivity ratios were 2–55 times
higher than k0(2c)/k0(2a). A similar effect was observed
for solvent polarity changes: k0(2c)/k0(2d) were almost the
same in hexane and acetonitrile whereas k00(2c)/k00(2d)
were 102 times higher in acetonitrile than in hexane.
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Table 2. Relative rates of (1a–e) in the reaction with amines (2a-d)


Enone Solvent T, 8C


Uncatalyzed processa Catalyzed processa


k0(2c)/k0(2a) k0(2c)/k0(2b) k0(2c)/k0(2d) k00(2c)/k00(2a) k00(2c)/k00(2b) k00(2c)/k00(2d)


1a n-Hexane 20 11.7 1.63� 104 5.64 23.8 21.9� 105 —
40 9.9 1.07� 104 6.23 22.3 27.1� 105 —


1b n-Hexane 20 40.9 b 4.37 5.97� 102 — 10.34
40 34.7 b 4.72 5.67� 102 — 11.63


Acetonitrile 20 42.0 2.91� 103 7.57 1.23� 104 — 96.15
40 32.7 2.41� 103 6.91 4.04� 104 — 51.01


1c n-Hexane 20 39.0 b 2.33 2.17� 104 — 10.04
40 32.8 b 3.10 0.0 — 0.0


Acetonitrile 20 32.1 3.01� 103 5.37 3.85� 103 — 2.83� 102


40 22.2 3.49� 103 4.49 - — 1.12� 102


1d n-Hexane 20 44.3 b 5.52 - — —
40 37.6 b 5.21 - — —


Acetonitrile 20 42.7 7.78� 104 8.12 1.38� 103 — 1.49� 102


40 29.5 7.59� 104 6.46 1.49� 103 — 2.47� 102


1e n-Hexane 40 — — 5.85 — — —
25c 2.13 — — — — —
40c 2.79 — 6.01 — — —


Acetonitrile 20 — — 4.55 — — —
40 — — 1.59 — — —
20c 3.75 — 6.09 — — —
40c 6.62 — 14.26 — — —


aFor (E-s-Z-o-Z), if not stated otherwise.
b Reaction with (2b) was too slow to be monitored.
c For (Z-s-Z-o-Z).
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The activation parameters for the ‘uncatalyzed’ and the
‘catalyzed’ process are given in Table 3. Considering
reactions of (E-s-Z-o-Z) form, we observed that the
activation enthalpies DH 6¼’ for the ‘uncatalyzed’ process
were small and positive for all systems, being higher in
hexane than in acetonitrile for systems [(1a,b)R (2a–d)]
and vice versa for systems [(1c–e)þ (2a–d)], whereas the
entropies DS6¼’ were highly negative for all systems. For
the ‘catalyzed’ process [(E-s-Z-o-Z) form], the enthalpies
varied from positive [83.7 for system (1cþ 2d)] to
negative [�4.5 for system (1dþ 2c)] depending on the
nature of the b-substituent, amine and solvent. For all
studied systems DH 6¼00 values were higher in acetonitrile
than in hexane. The entropies DS 6¼00 also changed in a
wide range.


Steady-state treatment of Scheme 1 gave Eqn (4):


kobsd ¼
k1k2 þ k3½A�


k�1 þ k2 þ k3½A�
(4)


for the observed second-order rate constant ([A]—amine
concentration)12 according to which kobsd¼ k�1 when
k�1< (k2þ k3 [A]), and the reaction was overall second
order. When the ‘uncatalyzed’ reaction was faster than the
catalyzed reaction but slower than the reverse reaction,
that is, k�1� k2� k3 [A], kobsd was composite but still a
second-order rate constant: kobsd¼ k1k2/k�1. For the
catalyzed reaction, when k�1� (k2þ k3[A]), kobsd was
given as the sum of the second- and third order terms and

Copyright # 2007 John Wiley & Sons, Ltd.

it would increase linearly with increase in the amine
concentration: kobsd¼ (k1k2/k�1)þ (k1k3/k�1) [A] (see
Fig. 4). In this case the reaction followed two competing
routes: an ‘uncatalyzed’ route, whose rate constant k0 was
given by k1k2/k�1, and a ‘catalyzed’ route whose constant
k00 was k1k3/k�1. The k00/k0 values of Table 1 were identical
with k3/k2 ratios and hence this ratio was a measure of the
relative importance of the two routes starting from a
common intermediate (Scheme 1).


The ratios observed were strongly dependent on the
bulk of the b-substituent and amine, as well as on the
solvent polarity. For systems [(1b–d)þ (2c)] in aceto-
nitrile and for [(1a)þ (2c)] in hexane, the ratio k3/k2> 50
whereas for all the other studied systems, these ratios
were smaller but high enough to be regarded as being in
the region of a genuine base catalysis.10,25 Taking into
account the above-mentioned kinetic effect of the
medium, we came to the conclusion that for k3/k2< 5
the reaction acceleration was caused by amine catalysis in
hexane only if the amine concentration was small enough
to change noticeably the relative permittivity of the
solution, namely [2a–d]�5� 10�3M. On the other hand
if the amine catalysis was absent in polar acetonitrile, the
slope k00 should be zero or even negative due to the relative
permittivity decrease induced by the addition of the less
polar amine to the highly polar acetonitrile. Hence, k3/
k2� 0 should be expected. A linear downward depen-
dence, ln k versus [amine], was observed exclusively for
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Table 3. Activation parameters of the reaction of (1a-e) with amines (2a-d)


Enone Amine Solvent Stereoisomer


Uncatalyzed reaction Catalyzed reaction


DH 6¼a kJmol�1 DS6¼a kJmol�1 DH 6¼a J K�1 mol�1 DS6¼a J K�1mol�1


1a 2a n-Hexane E-s-Z-o-Z 21.1� 5.5 �161 � 15 3.6 � 1.1 �96� 10
2b n-Hexane E-s-Z-o-Z 30.8� 3.6b �188� 16b — —


Acetonitrile E-s-Z-o-Z 11.2� 2.0b �222� 16b 67.9� 2.7b �17� 13b


2c n-Hexane E-s-Z-o-Z 14.8� 2.8 �162� 14 29.1� 2.4 �78� 25
2d n-Hexane E-s-Z-o-Z 11.0� 3.0 �189� 11 — —


1b 2a n-Hexane E-s-Z-o-Z 33.7� 2.0 �181� 12 — —
Acetonitrile E-s-Z-o-Z 31.0� 2.1 �167� 14 61.6� 2.9 �62� 12


2b Acetonitrile E-s-Z-o-Z 26.0� 2.0 �211� 18 — —
2c n-Hexane E-s-Z-o-Z 28.3� 2.0 �169� 10 9.5� 3.0 �211� 13


Acetonitrile E-s-Z-o-Z 18.8� 1.8 �170� 15 23.3� 2.1 �114� 17
2d n-Hexane E-s-Z-o-Z 25.4� 1.7 �191� 16 5.0� 1.3 �246� 20


Acetonitrile E-s-Z-o-Z 22.8� 4.6 �173� 15 20.7� 2.4 �162� 14
1c 2a n-Hexane E-s-Z-o-Z 32.1� 3.7 �178� 16 32.2� 4.6 �202� 19


Acetonitrile E-s-Z-o-Z 35.0� 3.4 �159� 11 — —
2b Acetonitrile Z-s-Z-o-Z 76.0� 2.6 �35� 18 c c


E-s-Z-o-E 54.4� 2.7 �112� 15 57.4� 3.8 �85� 6
E-s-Z-o-Z 15.3� 4 .0 �263� 13 — —


2c n-Hexane E-s-Z-o-Z 25.6� 2.2 �170� 13 — —
Acetonitrile E-s-Z-o-Z 20.9� 3.2 �178� 11 48.5� 6.1 �41� 13


2d n-Hexane E-s-Z-o-Z 14.6� 3.0 �214� 20 27.7� 5.7 �173� 16
Acetonitrile E-s-Z-o-Z 27.8� 3.0 �169� 9 83.7� 6.6 32� 22


1d 2a n-Hexane E-s-Z-o-Z 30.3� 3.0 �179� 11 — —
Acetonitrile E-s-Z-o-Z 32.7� 3.3 �170� 13 70.3� 5.2 �41� 14


2b Acetonitrile E-s-Z-o-Z 19.5� 1.9 �250� 17 — —
2c n-Hexane E-s-Z-o-Z 22.8� 2.7 �174� 15 �4.5� 2.7 �229� 19


Acetonitrile E-s-Z-o-Z 18.6� 1.5 �178� 18 73.2� 4.4 29� 19
2d n-Hexane E-s-Z-o-Z 25.1� 2.0 �180� 14 — —


Acetonitrile E-s-Z-o-Z 27.3� 2.0 �166� 14 53.8� 3.8 �79� 16
1e 2a n-Hexane Z-s-Z-o-Z 25.3� 1.7 �218� 17 — —


Acetonitrile E-s-Z-o-Z 49.4� 3.7 �144� 14 — —
Acetonitrile Z-s-Z-o-Z 64.0� 3.6 �95� 9 — —


2c n-Hexane E-s-Z-o-Z 43.1� 2.5 �168� 15 —
n-Hexane Z-s-Z-o-Z 39.3� 2.0 �184� 14 — —
Acetonitrile E-s-Z-o-Z 50.1� 2.6 �120� 16 — —
Acetonitrile Z-s-Z-o-Z 51.9� 2.5 �113� 12 — —


2d n-Hexane Z-s-Z-o-Z 43.4� 2.6 �166� 15 — —
n-Hexane E-s-Z-o-Z 23.2� 2.2 �235� 17 21.7� 3.9 �237� 13
Acetonitrile E-s-Z-o-Z 42.9� 2.2 �155� 14 — —
Acetonitrile Z-s-Z-o-Z 13.6� 1.4 �237� 16 c c


a The errors in the activation parameters were calculated similarly to authors.26
b From reference.10
c Activation parameters are not presented in view of the high errors of estimation.
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Scheme 1. Mechanism of studied reaction of substituted alkoxyvinyl trifluoromethyl ketones with secondary amines.
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Figure 4. Dependence kobsd versus [Diethylamine] of (1a)
reaction with (2a) in hexane at 208C.
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systems [(1c)þ (2b)] and [(1d)þ (2d)] (see Supple-
mentary Data), where the amine concentrations were very
high (0.1–1.4M). A similar decrease in kobsd with
increasing amine concentration in acetonitrile was
observed for the reaction of triethylamine with
1-bromo-2,2-dicyano-1-p-nitrophenyl-ethylene.25 Thus,
k00 values and k00/k0 ratios in parenthesis (Table 1) were
apparent and in fact close or equal to zero. In all other
cases, k3/k2 ratios increased significantly on going from
hexane to acetonitrile, as a sign of genuine base catalysis.

‘Catalyzed’ route


The catalysis mechanism implied necessarily the removal
of an ammonium proton from the reaction intermediate
which can occur significantly in two different ways
(Scheme 1): (a) a slow, rate-limiting proton abstraction
from the zwitterionic intermediate (3a–e) by the base to
form the deprotonated intermediate (5), from which the
leaving group, broke off rapidly, and (b) a rapid
deprotonation of (3a–e) followed by a slow detachment
of the leaving OR1 group which was general acid-
catalyzed by the conjugated acid of the amine (SB-GA,
specific base-general acid mechanism). Electrophilic
catalysis either via SB-GA mechanism (transition state
6) or via transition state 7 (Fig. 5) seemed unlikely when
the reactivities of piperidine and morpholine in their
reaction with (1a–e) are compared. These amines exhibit
identical steric bulk, but the morpholinium ion was
2.3 pKa units more acidic in acetonitrile than that of the

R4


HR4R3N
R2


H


COCF3
O


R4R3N


R1
HHR4R3N


6


Figure 5. Structures 7 and 8
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piperidinium ion.26 It is also likely that morpholine was a
stronger proton donor than piperidine owing to the
electron withdrawal character of its oxygen atom. If
formation of 7 was rate determining, the k00/k0 ratio for
morpholine, which was one of the weakest studied bases,
should be one of the highest, but instead, it was one of the
smallest found. Analyzing the reaction of substituted
ethylenes with piperidine and morpholine, Rappoport
showed,26 that if formation of 6 was rate determining the
k00(2c)/k00(2d) ratio was expected to be small. However,
the observed ratios of 96�283 in acetonitrile and 10�12
in hexane were inconsistent with this expectation.
Consequently, rate-determining proton transfer seems
the most likely route for all the systems for which the
‘catalyzed’ process was observed.

‘Uncatalyzed’ route


Characteristic features of the uncatalyzed route involve
the sequential cleavage of þN—H and C—O bonds. An
initial rate-determining or preequilibrium deprotonation
of þN—H by the solvent cannot compete efficiently with
deprotonation by added amine.26 There were two possible
reaction pathways involving a rate determining C2


sp—O
bond cleavage. Moreover, an unassisted cleavage
of C2


sp—O bond was unlikely since acetonitrile (and
hexane even more so) was not a good solvating agent for
anions. On the other hand, the C2


sp—O bond cleavage may
be assisted electrophilically by a proton of the ammonium
moiety (see Fig. 5, structure 8), as suggested by
Rappoport and coworkers26 for AdN-E vinylic substi-
tution. In transition state 8, the proton transfer occurs
through a structure with an unfavourable geometry, but it
has the advantage of a possible internal solvation of the
leaving group with consequent charge dispersal. In all
studied enones (1a–e), conformers (-o-Z) dominated19


thus promoting formation of structure 8 as transition state.
Low k00/k0 ratios in most systems (Table 1) confirmed this
assumption. Moreover, in system [(1c)þ (2c)] where the
rate constants k0 and k00 were estimated for all the existing
stereoisomeric forms, the largest k00/k0 ratio was observed
for (-o-E) conformer (vide infra).

Effect of bSsubstituent
Replacement of b-H for b—CH3 caused a 600-times
reduction of k0 and 2.8� 103-times reduction of k00 {for
(E-s-Z-o-Z) of systems [(1a)þ (2c)] and [(1b)þ (2c)] in
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hexane, 208C}. This reduction was produced exclusively
by an additional shielding of the reaction centre
(b-carbon) to the amine nucleophilic attack. A larger
k00 reduction as compared to k0 was explained by a
retardation of the deprotonation due to additional steric
impediment in transition state (3a) for the second amine
molecule to reach the ammonium proton. A similar effect
was observed for (1c). In case of replacement of b-CH3


for b-Ph, it should be expected at least 104-times
reduction of kobsd in view of ground state stabilization of
(1c) due to p(Ph)-p(C——C) conjugation.14 However, k0 of
(1c) was only 3-fold larger than that of (1b). Considering
that the nucleophilic attack on Cb of a vinylic system
usually occurs in a plane perpendicular to that of the
double bond, with an angle �908 14, the steric effect of a
phenyl group should increase when Ph ring is out-of the
plane of the enone system, as a result of the ring rotation
around CPh—CC¼C bond. Steric repulsion between the
hydrogen atoms of the aromatic ring and the carbonyl
oxygen favours this rotation, thus disturbing p(Ph)-
p(C——C) conjugation. According to quantum chemical
calculations, the dihedral angle Ph—C——Cwas 50–908 in
all the isomers of (1c). 19Almost 2-fold reactivity increase
for (1c) compared with that of (1b) was a consequence of
�R character of Ph and þR character of CH3 (sI¼ 0.1
and�0.05, respectively). In the single isomer of (1d), viz.
(E-s-Z-o-Z), the aromatic ring was rotated
around CAr—CC¼C bond by �908, breaking the
p(Ar)-p(C——C) conjugation almost completely. Hence,
here again the electronic influence of p-NO2C6H4


substituent was exclusively inductive19 determining a
further increase in enone reactivity.


The influence of b-CH3, b-Ph, and b-(p-NO2C6H4) on
the rate of the ‘catalyzed’ process was inverse: k00(1b) >
k00(1c) > k00(1d) [e.g., 452, 103, and 18.4 in their reaction
with (2c) in hexane, 208C, (E-s-Z-o-Z)]. The increase in
the electron withdrawing effect of b-substituent rises the
proton acidity of the ammonium moiety, thus promoting
electrophilic assistance through transition state 8 in
‘uncatalyzed’ route. This phenomenon is accompanied
with an appropriate increase in k2 and a simultaneous
decrease in k3. The most pronounced steric effect of the
b�substituent on k00 rate constants was observed in
systems [(1e)þ (2a,c,d)] where the shielding by
b-tert-butyl group was so strong that the ‘catalyzed’
process was not observed for every amine (at ambient
temperature).

Steric effects of secondary amines


The steric effects of the studied amines are apparent when
the reactivity ratios of (2c) and more voluminous (2a) are
compared. The k0(2c)/k0(2a) ratio was 10�44, the
smallest ratios, 9.9 and 11.7, being for (1a) in hexane,
Table 2. An increase in the amine bulk increased k�1 and

Copyright # 2007 John Wiley & Sons, Ltd.

k2 due to the destabilization of zwitterion 3, which
increases both terms [K(2c)/K(2a) and k2(2a)/k2(2c)] in
Eqn (5):


k0ð2cÞ
k0ð2aÞ ¼


k1ð2cÞ
k�1ð2cÞ


:
k1ð2aÞ


k�1ð2aÞ


� �
� k2ð2aÞ


k2ð2cÞ


¼ Kð2cÞ
Kð2aÞ �


k2ð2aÞ
k2ð2cÞ


(5)


A further increase in the amine bulk made this effect
more pronounced: for (1a) k0(2c)/k0(2b) ratio was higher
(cf. 1.63� 104 in hexane at 208C) than k0(2c)/k0(2a) ratio
(vide supra). The bulkier b-substituent, the higher k0(2c)/
k0(2a) ratio was [viz. for (E-s-Z-o-Z): 39.0 (1c), 40.9 (1b)
and 44.3 (1d), in hexane at 208C]. The b-substituent
introduced an additional steric effect in enones (1), which
makes the forward rate constant k1 smaller, and
simultaneously k�1 and k2 larger because of the further
increase in the crowding of intermediate (3). k00(2c)/
k00(2a) ratios were higher than the associated k0(2c)/k0(2a),
due to additional steric retardation of the approach of the
bulky amine to its ammonium ion, resulting in k3(2c) >
k3(2a). Again, for (2b), this effect was enhanced [k00(2c)/
k00(2b) was 21.9� 105, for (1a) in hexane at 208C].
Consequently, k3(2c)� k3(2b) so that the ‘uncatalyzed’
route became the single reaction route at small amine
concentrations.

Solvent effect


Hexane and acetonitrile are aprotic solvents so that the
solvent assistance to the leaving-group expulsion was
negligible. However, there is a significant change in the
dielectric constant on going from hexane (1.89) to
acetonitrile (36.2). As it was shown earlier,10 the polar
zwitterion was more readily formed in more polar
solvents. The solvent effect on k2 and k3 depended on the
question whether electrophilic assistance was involved
(via transition states 6 and 8) with a consequent charge
dispersal, or whether two separate ions were formed from
a zwitterion in an unassisted process. All the studied
reactions were accelerated in the more polar solvent. The
‘uncatalyzed’ reactions of (2a,c,d) with (1b) at 208Cwere
42.8, 44.8, and 25.9 times faster in acetonitrile than in
hexane, and the ‘catalyzed’ processes were 18.3, 376.6,
and 38.4 times faster, respectively. Similar trends were
observed also for enones (1c,d). These values suggested
that the transition state was more polar than the ground
state and for all amines they agree with a self-assisted
route with k2 via transition state 8. Moreover, the
predominance of the most stable (E-s-Z-o-Z) and
(Z-s-Z-o-Z) forms of enones (1a–e) in ground state19


facilitates the formation of (8) as transition state, thus
favouring the ‘uncatalyzed’ route.
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Activation parameters


For all the stereoisomeric forms of enones (1a–e), the
activation enthalpies of the ‘uncatalyzed’ reactions were
positive and the compensating DS6¼ values were highly
negative, smaller than �95 JK�1 mol�1. At the same
time, DH6¼00 values for the ‘catalyzed’ reaction were small
[or close to zero for system [(1d)þ (2c)] in hexane at
208C] and DS 6¼00 were negative, but highly solvent
dependent. In some cases, they were near zero, cf. DS6¼00


for systems [(1a)þ (2b)] and [(1d)þ (2c)] in acetonitrile.
The (E-s-Z-o-Z) small or negative DH6¼ values might
seem exceptional, but numerous examples10,26 showed
that the same behaviour was the rule, rather than
exception, in the reaction of amines with electrophilic
olefins in aprotic solvents. Small DH 6¼ values should be
expected for the reaction of reactive nucleophiles with
enones.10,25 Moreover, the highly negative DS6¼ values
were the consequence of the formation of dipolar
activated complex from neutral precursors.10 It was
convenient to analyze DH6¼ and DS6¼ values as a sum of
respective enthalpy and entropy terms for the individual
steps of Scheme 1 (Eqn 7–10):10


DH 6¼0ðuncatalyzedprocessÞ ¼ DH
	 þ DH


6¼
2 (7)


DS6¼0ðuncatalyzedprocessÞ ¼ DS
	 þ DS


6¼
2 (8)


DH 6¼ðcatalyzedprocessÞ ¼ DH
	 þ DH


6¼
3 (9)


DS6¼ðcatalyzedprocessÞ ¼ DS
	 þ DS


6¼
3 (10)


For system [(1a)þ (2c)] in hexane, DH6¼3>DH 6¼2
[(DH6¼00 �DH6¼’)¼ (DH6¼3�DH 6¼2)¼ 14.3 kJmol�1]
and DS6¼3>DS6¼2 [(DS6¼3�DS6¼2)¼ 84 JK�1mol�1],
therefore in this case, the catalysis was due to both
activation enthalpic and entropic terms favouring the
catalyzed route. As it was shown for the reaction of
1,1-dicyano-2-p-di-methylaminophenyl-2-trifluoroetho-
xyethylene with amines,25 (DH 6¼3�DH6¼2) values were
positive or close to zero (changed from �10 to
149 kJmol�1) as a result of an intramolecular assistance
by an ammonium proton to the leaving group expulsion,
which reduced sufficiently DH 6¼2 term and made it
smaller than DH6¼3. The negative values of the activation
entropies can be easily explained since two charges in (3)
were created from the neutral starting species, whereas
the positive difference of DS 6¼3�DS6¼2 was not obvious.
Small positive (DS6¼3�DS6¼2) values (29–32 JKmol�1)
were also observed for the reaction mentioned above.25


The DS6¼3 term was negative in view of the loss of
translational and rotational degrees of freedom in the
termolecular intermediate (3). The corresponding entropy
loss in DS 6¼2 term should be smaller, unless the
intramolecular assistance to the departure of the leaving
group reduced DS6¼2 due to the constrained geometry in
transition state (8). According to the authors,26 the loss of

Copyright # 2007 John Wiley & Sons, Ltd.

entropy in the four-membered ring (8) should be
perceptible.


For the reaction of the bulky amine (2a) with enone
(1a) in hexane, DH 6¼’ value increased, DH 6¼00


value decreased and the activation enthalpy became
higher for the uncatalyzed reaction (DH 6¼3�DH6¼2¼
�17.5 kJmol�1) with (DS6¼3�DS6¼2)¼ 65 JK�1mol�1.
Consequently for this reaction, the catalysis was due to a
favourable activation entropy. Further increase in bulk as
in diisopropylamine (2b) resulted in negative
(DH6¼3�DH6¼2) and (DS6¼3�DS6¼2) values (�9.8 kJmol�1


1 and �39 JK�1mol�1 in hexane, respectively) making
obvious the predominance of the uncatalyzed reaction
(k3/k2¼ 0.39–0.51 at 20–408C). In the more polar
acetonitrile, the situation was reversed due to additional
stabilization of transition state (3): DH6¼3>DH 6¼2 and
DS6¼3>DS 6¼2 [(DH 6¼3�DH6¼2)¼ 56.7 JK�1mol�1 and
(DS6¼3�DS6¼2)¼ 205 JK�1mol�1]. Hence, the ‘cata-
lyzed’ route dominated (k3/k2¼ 4–18 at 20–408C). The
same trends were inherent for (1b–d) enones.


Again according to Eqns (7 and 9), experimental DH 6¼0


and DH6¼00 values were the sums of DH8 and DH 6¼2 or
DH 6¼3, respectively. In the case of p(Ph)-p(C——C)
conjugation [enones (1c) and (1d)], the DH8 term should
be strongly decreased by the additional stabilization of
the enone ground state with consequent decrease in DH 6¼0


and DH 6¼00 (and therefore with tremendous decrease in k0


and k00). Contrary to this assumption, enthalpiesDH6¼’ and
DH 6¼00 of systems [(1c,d)þ (2a–d)] were very similar to
those for (1b), thus corroborating deconjugation in
Ar—C——C moiety of (1c).

Spatial configuration and reactivity


Enones (1a) and (1b) were exclusively (E) isomers in all
the studied solvents, whereas for (1c) and (1e), we
observed the presence of (Z) form.19 It is necessary to
note that earlier21 enone (1c) was erroneously reported to
be exclusively in (E) stereoisomeric form. For enone (1a)
three possible conformers were identified, (E-s-Z-o-Z)
form being the most populated (71% in hexane and 72%
in acetonitrile).19 Despite the relatively large percentage
of (E-s-E-o-Z) (23%) it was impossible to evaluate the
reaction rate of this form, in view of the fact that
kobsd(E-s-E-o-Z)� kobsd(E-s-Z-o-Z).


The rotation around the C2
sp—C3


sp single bond (-s-E and
-s-Z forms) did not affect the conjugation of C——C and
C——O, thus the negative charge of Ca was equally
dispersed onto COCF3 of these forms but negatively
charged oxygen of carbonyl in (E-s-Z-o-Z) was closer
to Cb than in (E-s-E-o-Z) and, thus, reduces k1 because of
the repulsion of the oncoming nucleophile. Of all the
stereoisomeric forms in enone (1c), isomer (Z-s-Z-o-Z)
possessed the highest k0 due to a k1 increase as a result of
the reaction centre more accessible to the nucleophile in
(Z) than in (E). Nevertheless, the highest k00 and k3/k2
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were for (E-s-Z-o-E) (see Table 1), a indicating drastic
increase in k3 for (E-s-Z-o-E) in comparison with both
(E-s-Z-o-Z) and (Z-s-Z-o-Z). These forms were
non-equivalent thermodynamically, (-o-Z) being more
favoured than (-o-E) [(E-s-Z-o-Z) conformer was
9.1 kJmol�1 more stable than (E-s-Z-o-E), and
4.9 kJmol�1 more stable than (Z-s-Z-o-Z)]19 with
different ability to intramolecular H-bonding in the
transition state. Stereoisomeric form (-o-Z) promoted
the formation of structure (8), whereas (-o-E) reduced the
probability of generation of H-bonded structure similar to
(8) due to steric interactions between Hþ and R1.
Consequently (-o-Z) form assisted ‘uncatalyzed’ route
decreasing the (DS6¼3�DS6¼2) difference, whereas (-o-E)
form promoted ‘catalyzed’ route, rising (DS6¼3�DS 6¼2)
(vide supra).


In enone (1e) the stereoisomer (Z-s-Z-o-Z) prevailed
over (E-s-Z-o-Z) (74 and 26% in hexane, respectively)19


but the ‘catalyzed’ route was observed for none of these
forms at ambient temperature whereas at higher
temperatures k00 was perceptible {e.g., k00/k0 was 2300
for system [(1e)þ (2c)] in acetonitrile at 558C} probably
due to H-bond weakening in structure (8) as the
temperature raised. For the studied amines, k0


(Z-s-Z-o-Z) were 10–100 times higher than k0


(E-s-Z-o-Z), thus once again illustrating the shielding
of the reaction centre greater in (E) isomer than in (Z).

CONCLUSION


Reaction of enones (1a–e) with secondary amines was a
multi-step process with formation of a polar zwitterion as
an intermediate, decomposition of which was a limiting
step of the process. Notwithstanding the fact that this
decomposition occurred predominantly via an ‘uncata-
lyzed’ route, the contribution of a ‘catalyzed’ route was
significant in many cases and a rate-determining proton
transfer was the most likely ‘catalyzed’ route for all these
systems. b-Substituents diminished the contribution of
the ‘catalyzed’ route in overall processes, not only by
steric hindrance to the approach of a second amine
molecule to a proton of the ammonium ion but also by
stabilizing the (-o-Z) conformers due to inductive
electron withdrawal which assisted the ‘uncatalyzed’
route through transition state (8). Thus, the phenyl ring in

Copyright # 2007 John Wiley & Sons, Ltd.

(1c,d) was out of the C——C plane, disturbing
pAr—pC——C conjugation. As a result the b-Ar
substituent affected enone reactivity predominantly by
inductive effect and, to a lesser degree, by steric
interactions. (E-s-Z-o-Z) form, which predominates in
enones (1a–d) exhibited a reactivity far weaker than
Z-s-Z-o-Z) form, which was the most populated in (1e).
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18. Dąbrowski J, Tencer M. Tetrahedron 1976; 32: 587–591.
19. Vdovenko SI, Gerus II, Kukhar VP. J. Mol. Struct. DOI: 10.1016/


j.molstruc. 2006.11.032
20. Riddick JA, Bunger WB, Sakano TK. (eds). Organic Solvents—


Physical Properties and Methods of Purification, 4th edition.
Wiley-Interscience: New-York, 1986.


21. Hojo M, Masuda R, Okada E. Synthesis 1986; 1013–1014.
22. Martins MAP, Siqueira GM, Bastos GP, Bonacorso HG, Zanatta N.


J. Heterocyclic Chem. 1996; 33: 1619–1622.
23. Nasehzadeh A, Chahardoli A. Chinese J. Chem. 2000; 18:


608–613.
24. Bunnett JF, Garst RH. J. Am. Chem. Soc. 1965; 87: 3875–3880.
25. Rappoport Z, Topol A. J. Chem. Soc., Perkin Trans. 2 1975;


863–874.
26. Rappoport , Z., Peled , P. J. Am. Chem. Soc. 1979; 101: 2682–2693.

J. Phys. Org. Chem. 2007; 20: 190–200


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 743–753
Published online 7 August 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1234

Theoretical investigations of the molecular
conformation and reorganization energies in the
organic diamines as hole-transporting materials

Jiunn-Hung Pan,1* Yu-Ma Chou,2 Houn-Lin Chiu3 and Bo-Cheng Wang1*


1Department of Chemistry, Tamkang University, Tamsui 251, Taiwan
2Department of Physics, Chinese Culture University, Taipei 110, Taiwan
3Department of Chemistry, National Kaohsing Normal University, Kaohsing 802, Taiwan


Received 29 January 2007; revised 24 May 2007; accepted 24 May 2007

*Correspondence
Chemistry, Tamk
E-mails: peterson


Copyright # 20

ABSTRACT: Recently, organic diamine compounds have been widely used as hole-transporting materials. In this
work, DFT B3LYP method with the 6-31G


�
basis set was performed to investigate the influence of molecular


conformation on the reorganization energy of a series of tetra(aryl)benzidine-based hole-transport materials. The
results indicate that there are two types (i.e., ISB and BD/TPD) of geometric differences of the organic diamines with
the relaxation processes. The reorganization energy of the ISB type is lower than that of the BD/TPD type. For the ISB
type, the terminal phenyl moiety of the molecular framework plays an important role in determining the Marcus-type
reorganization energy and the central biphenyl moiety does not. A methyl group attached to a terminal phenyl can be
used to tune the reorganization energy. According to the statistical analysis, four geometric parameters could affect the
reorganization energy of the BD/TPD type. The conformation of either the central biphenyl or the terminal phenyl
moiety of the BD/TPD type determines the Marcus-type reorganization energy associated with the charge transport
process at the molecular level. Presumably, this calculation can be employed to predict the electroluminescence (EL)
character of the other organic diamines and to improve the design of new hole-transporting materials in organic
light-emitting devices (OLEDs). Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Organic diamines, e.g., N,N0-diphenyl-N,N0-bis(3-methyl-
phenyl)-([1,10-biphenyl])-4,40-diamine (TPD), were used
as hole-transporting materials in a wide variety of
applications from the Xerox process to multi-layer orga-
nic light emitting diode-based devices.1–4 Since their dis-
covery,1 thin multi-layer organic light-emitting devices
(OLEDs) were recognized as a potential technology for
the next generation flat-panel display devices.5 The
simplest multi-layer OLED consists of an indium tin
oxide (ITO) anode, an electron-transporting layer (ETL),
and hole-transporting layer (HTL) where TPD is a
prototype of a good HTL material, and a Mg–Ag cathode,
in which HTL or/and ETL can act as the emitter.
Criterions for good HTL materials are lower energy
barrier to the hole injection from the anode, higher mobi-
lity, and thermal stability in the amorphous state.6–12 In
particular, there are many potential applications in the
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synthesis of organic hole-transporting devices. An impor-
tant research frontier is to investigate the fundamental
mechanism of charge transport in these materials;11–15


however, little is known even for simple molecules.
Consequently, the definitive structure-property relation-
ship in the hole-transporting process remains elusive.


During the last decade, there have been few reports on
the structure-property issues emphasizing geometric and
electronic changes with hole transport phenomenafor
triphenylamine (TPA) derivatives.16–25 Reorganization
energies of some amines with a general formula of
NMenPh3�n as hole-transporting materials were calcu-
lated to show that the total energy increased with
increasing n.16 Sakanoue et al.17 proposed similar results
concerning the relationship between molecular geometry
and the hole-transport property for TPD and its analogs. A
decreasing trend was found for reorganization energies
(l) as going from TPD, N,N0-dimethyl-N,N0-diphenyl-
1,10-biphenyl-4,40-diamine, N,N,N0,N0-tetraphenyl-1,10-
biphenyl-4,40-diamine. This shows that the structural
change near the amine N atom upon ionization is one of
the important factors in determining the hole mobility.17


Malagoli and Brédas18 showed that TPA and TPD have
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different hole-transporting properties and the biphenyl
segment plays a significant role in the latter compound.
The hole mobilities for a series of TPD derivatives with
amino groups were studied systematically based on the
Marcus theory,20 and these results showed that the
reorganization energy (lþ) was dependent on the attached
moiety which contributed predominantly to its HOMO,
and the compounds containing biphenyl groups with or
without amino groups, had larger reorganization energies
than those of the other compounds. Low et al.25 proposed
that the conformation of the biphenyl moiety of the
molecular framework plays a significant role in determin-
ing the Marcus-type reorganization energy associated
with the hole-transporting processes at the molecular
level. Therefore, in the case of TPD as hole-transporting
material, the key geometrical parameters (Fig. 1) can be
considered in three key torsion: the bond length and the
torsional angle between the ring system of the biphenyl

Figure 1. Key torsional modes for tetra(aryl)benzidine
(compound 1).


Copyright # 2007 John Wiley & Sons, Ltd.

moiety, i.e., the relative orientation of rings A and B
[Fig. 1(a)]; the relative orientation of the NPh2 system
with respect to the biphenyl moiety, i.e., the bond length
between central amine N atom and ring A and the
torsional angle between NPh2 system and ring A
[Fig. 1(b)]; the relative orientation of the terminal phenyl
rings (ring C) with respect to the planar conformation
about the amine N atom, i.e., the bond lengths N—Ca and
N—Cb and the torsional angle between ring C and the N
atom [Fig. 1(c)]. In order to gain a more comprehensive
understanding of the reorganization energy associated
with the charge transfer process and how it is influenced
by conformational changes in the molecular structure, in
this work, we selected a series of compounds, as shown in
Fig. 2, based upon the TPD framework in which methyl
groups are used to control the relative orientation of
various phenyl ring systems, and the three key torsional
modes. Furthermore, we also report the reorganization
energies for TPA and biphenyl-4,40-diamine (BD)
including the widely used hole-transport materials such
as TPD, N4,N40-Di-naphthalen-1-yl-N4,N40diphenyl-
biphenyl-4,40-diamine (NPB), and 1,4-bis-(carbazolyl)
biphenyl (CBP) and 1,4-bis(iminostilbenyl) biphenyl (ISB).

METHODOLOGY


The thermal and electronic properties of TPD and its
analogs have been experimentally determined.23–27 In the
present work, the energies corresponding to the neutral
and the cationic states were generated based on the
optimized structure for each state. The reorganization
energy consists two terms corresponding to the geometry
relaxation energies upon going from the neutral to the
cationic states and vice versa:


lþ ¼ l1 þ l2 (1)


l1 ¼ EþðMÞ � EþðMþÞ (2)


l2 ¼ EðMþÞ � EðMÞ (3)


where E(M) and Eþ(Mþ) are the ground state energies of
the neutral and cationic states, respectively. E(Mþ) is the
energy of neutral molecule at the optimal cationic
geometry. Eþ(M) is the energy of the cationic state at the
optimal geometry of the neutral molecule, as shown in
Fig. 3. Besides the reorganization energy for hole
transporting (lþ), the ionization potential (Ip) was also
calculated as following:


Ip ¼ EþðMÞ � EðMÞ (4)


The calculated reorganization energy for hole transport
(lþ) is sensitive to the calculation method. For instance,
the calculated lþ’s of aniline compounds are 0.529 and
0.929 eV at the DFT B3LYP/3-21G and HF/6-31G�


levels, respectively.17 Brédas and co-workers28,29 pre-
sented a good calculated result, calculated by DFT
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Figure 2. Molecular structures of TPA, BP, tetra(aryl)benzidine, compound 1 and its analogs.
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Figure 3. Energies for a compound involved in the vertical
transition.
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B3LYP method, to reproduce experimental data (gas-
phase ultraviolet photoelectron spectra) in oligoacenes. In
order to select an appropriate calculation method in this
study, we carried out preliminary calculation of the
reorganization energy for hole transport (lþ) of com-
pound 1 using the DFT B3LYP methods with 3-21G,
3-21G�, 6-31G, 6-31G�, and 6-31G��. The calculated
results for compound 1 are shown in Table 1. As expected,
the calculated reorganization energies for hole transport
(lþ) in compound depend on the selected calculation
method. Comparing the calculated reorganization ener-
gies (lþ), DFT B3LYP methods with the 6-31G� and
6-31G�� basis sets produce similar results. Because of
CPU time limitations, we selected the DFT B3LYP
methods with the 6-31G� for the reorganization energy
calculations. In this work, all the calculations were made
using the DFT B3LYP method with the 6-31G� basis set
and was performed using GASSIAN 03 package.30


In order to investigate the major influences of the
geometric parameters on the reorganization energy of
TPD and its analogs, the Multiple Linear Regression
method (MLR), which is based on the numerical tech-
nique of least-squares fitting, analyzes the relationship
between the dependent variable (reorganization energy)

Table 1. Calculated reorganization energies for hole trans-
port (ev) of compound 1


DFT B3LYP method


3-21G 3-21G� 6-31G 6-31G� 6-31G��


lþ 0.2659 0.2659 0.2651 0.2723 0.2794
l1 0.1371 0.1371 0.1384 0.1410 0.1452
l2 0.1288 0.1288 0.1267 0.1313 0.1342


Copyright # 2007 John Wiley & Sons, Ltd.

and the independent variables (p, i.e., the difference in
geometric parameters between the neutral and the radical-
cation states), is one of our chosen methods.31 Indeed, the
correlation coefficient (R2) could be abnormally large if
there are a few data points but numerous independent
variables. Therefore, the adjusted coefficient ((Radj)


2) can
be used as:


ðRadjÞ2 ¼ 1� ½ðn� 1Þ=ðn� p� 1Þ�ð1� R2Þ (5)


where n and p are the data point and the independent
variable, respectively. In this work, MLR was performed
in the Cerius2 package.32

RESULTS AND DISCUSSION


Optimized geometry


The optimized geometrical parameters for TPD and its
analogs in neutral and cationic states are collected in
Table 2a–2e. For all molecules, the optimized geometries
for the neutral and cationic states are all planar around the
central amine N atom as judged from the sum of
calculated bond angles (aþbþ g), being 3608 (Fig. 1).


In order to understand the conformation change during
the hole-transport process between the molecules and
their segment, the results of the geometry optimizations
for TPA, BD, and compound 1 are presented in Table 2a,
in which their geometries both for the neutral and cationic
states are also studied. For the geometrical parameters of
neutral state TPA, three calculated N—C bond lengths
and the related torsional angles are 1.422 Å and 41.878,
respectively. The geometrical structure of the radical-
cation differs slightly from the neutral one; the torsional
angels of phenyl groups decrease to 38.968, and the N—C
bond length decreases to 1.414 Å. Thus, the geometry of
TPA in radical-cation state is more planar than that in the
neutral state. These calculation results are in excellent
agreement with the experimental X-ray crystal struc-
ture,33 ab initio HF34 and DFT16,18,20 calculations. For
compound BD, the inter-ring distances C8—C8


0 are 1.482
and 1.440 Å in the neutral and cationic states, respect-
ively, and the torsion angle C7—C8—C8


0—C7
0 are 36.08


and 17.698 in each state. The C—N distances are 1.370
and 1.340 Å in the neutral and cationic states, respect-
ively; and the torsion angles H—N—C1—C2 are 0.56 and
0.068 (Table 2a) in the neutral and cationic states. Thus,
there is a more planar structure for compound BD in a
radical-cation state than that in a neutral state. These
calculation results are also in excellent agreement with
the previous DFT calculations.20 For compound 1, in the
terminal phenyl ring and N atom, the bond lengths N—C3


and N—C5 of the structural geometries increase from
1.420 Å in the neutral state to 1.430 Å in the cation state,
but the bond length N—C1 decreases. The C1—N—
C3—C4 and C1—N—C5—C6 torsional angles of the
structural geometries in the radical-cation state increase
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Table 2a. Calculated geometrical parameters of TPA, BD, and compound 1 both for the neutral and cationic statesa


Structurala parameter


TPA BDb 1


Neutral Cationic Neutral Cationic Neutralc Cationicc


N–C1 1.422 1.414 1.370 1.340 1.418 1.387
N–C3 1.422 1.414 1.420 1.430
N–C5 1.422 1.414 1.420 1.430
C7–C8 1.406 1.431 1.406 1.419
C8–C8


0 1.482 1.400 1.480 1.455
C1–N–C3 (a) 120.00 120.00 120.24 121.06
C1–N–C5 (b) 120.24 121.06
C3–N–C5 (g) 119.50 117.87
C1–N–C3–C4 43.05 49.00
C1–N–C5–C6 43.05 49.00
C3–N–C1–C2 41.87 38.96 37.72 35.79
C7–C8–C8


0–C7
0 36.08 17.69 36.57 22.16


a For the bond designation as shown in Fig. 1. The bond lengths are in Å and bond angles in (degree).
b Calculated geometric parameters for compound BD which are not shown in this table: H–N–H¼ 117.798, H–N–C1¼ 121.128, and H–N–C1–C2¼ 0.568 in the
neutral state; and H–N–H¼ 117.008, H–N–C1¼ 120.768, and H–N–C1–C2¼ 0.068 in the cationic state.


Table 2b. Calculated geometrical parameters of compounds 2–4 for the neutral and cation statesa


Structural parameter


2 3 4


Neutral Cationic Neutral Cationic Neutral Cationic


N–C1 1.419 1.388 1.419 1.387 1.417 1.383
N–C3 1.423 1.430 1.423 1.432 1.433 1.442
N–C5 1.421 1.431 1.422 1.431 1.421 1.430
C7–C8 1.406 1.419 1.406 1.419 1.407 1.420
C8–C8


0 1.480 1.455 1.480 1.455 1.482 1.455
C1–N–C3 120.01 121.01 120.10 121.06 119.35 122.06
C1–N–C5 120.12 121.03 120.09 121.09 121.20 120.59
C3–N–C5 119.84 117.95 119.81 117.85 118.54 117.30
C1–N–C3–C4 43.78 47.86 42.03 49.11 64.62 65.22
C1–N–C5–C6 40.45 48.93 42.13 48.89 32.44 44.02
C3–N–C1–C2 39.43 26.55 40.56 25.85 28.54 21.01
C7–C8–C8


0–C7
0 34.00 22.51 36.01 22.32 35.85 19.20


a For the bond designation as shown in Fig. 1. The bond lengths are in Å and bond angles in (degree).


Table 2c. Calculated geometrical parameters of compounds 5–7 for the neutral and cationic statesa


Structural parameter


5 6 7


Neutral Cationic Neutral Cationic Neutral Cationic


N–C1 1.430 1.405 1.436 1.422 1.431 1.409
N–C3 1.419 1.423 1.418 1.418 1.431 1.431
N–C5 1.422 1.423 1.418 1.418 1.431 1.431
C7–C8 1.404 1.413 1.402 1.408 1.400 1.409
C8–C8


0 1.483 1.462 1.484 1.470 1.483 1.465
C1–N–C3 119.52 120.88 118.87 119.55 121.13 121.39
C1–N–C5 118.50 119.34 118.86 119.56 121.13 121.39
C3–N–C5 121.01 119.31 122.27 120.89 117.73 117.23
C1–N–C3–C4 29.12 37.29 32.19 35.75 46.50 47.66
C1–N–C5–C6 43.60 46.50 32.19 35.86 46.50 47.66
C3–N–C1–C2 63.46 48.61 68.76 57.85 51.57 46.35
C7–C8–C8


0–C7
0 36.14 23.80 36.76 28.20 37.58 25.94


a For the bond designation as shown in Fig. 1. The bond lengths are in Å and bond angles in (degree).
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Table 2d. Calculated geometrical parameters of compounds 8 and 9 for the neutral and cationic statesa


Structural parameter


8 9


Neutral Cationic Neutral Cationic


N–C1 1.422 1.392 1.422 1.405
N–C3 1.421 1.430 1.421 1.424
N–C5 1.421 1.430 1.421 1.424
C7–C8 1.412 1.416 1.412 1.419
C8–C8


0 1.498 1.469 1.500 1.492
C1–N–C3 119.97 121.07 119.96 120.52
C1–N–C5 120.00 120.84 119.96 120.52
C3–N–C5 120.03 118.08 120.07 118.96
C1–N–C3–C4 41.29 48.41 41.23 43.91
C1–N–C5–C6 41.72 47.20 41.23 43.91
C3–N–C1–C2 41.53 26.94 42.23 33.06
C7–C8–C8


0–C7
0 88.05 48.11 89.58 79.85


a For the bond designation as shown in Fig. 1. The bond lengths are in Å and bond angles in (degree).


Table 2e. Calculated geometrical parameters of compounds 10–12 for the neutral and cationic statesa


Structural parameter


10 11 12


Neutral Cationic Neutral Cationic Neutral Cationic


N–C1 1.417 1.384 1.418 1.404 1.445 1.454
N–C3 1.432 1.440 1.401 1.408 1.436 1.427
N–C5 1.423 1.430 1.401 1.408 1.436 1.427
C7–C8 1.407 1.420 1.405 1.412 1.406 1.406
C8–C8


0 1.480 1.454 1.483 1.469 1.485 1.485
C9–C10 1.339 1.348
C1–N–C3 119.58 120.71 125.83 125.77 113.96 113.97
C1–N–C5 121.11 121.93 125.83 125.77 113.96 113.97
C3–N–C5 118.25 117.24 108.34 108.46 132.08 132.08
C1–N–C3–C4 66.51 66.12 1.87 3.84 0.34 0.49
C1–N–C5–C6 34.82 45.83 1.87 3.84 0.34 0.49
C3–N–C1–C2 26.06 19.07 53.86 44.97 90.59 89.23
C7–C8–C8


0–C7
0 35.09 21.41 36.69 28.70 38.79 38.80


a For the bond designation as shown in Fig. 1. The bond lengths are in Å and bond angles in (degree).
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but C3—N—C1—C2 torsional angle decreases compari-
son with one in the neutral state. In the central biphenyl
moiety, the bond length C8—C8


0 and torsional angle
C7—C8—C8


0—C7
0 of the structural geometries in the


radical-cation state are smaller and more planar than that
of the neutral state. Therefore, the geometry change of
compound 1 from the neutral state to the cationic state is
very similar to that of BD/TPD type but not to TPA type.


In particular, the compounds in this work (Fig. 2) can
be classified as BD/TPD and ISB types. The compound
with BD/TPD type is more planar and the phenyl ring
closed to the central biphenyl moiety in the radical-cation
state, but bond lengths N—C3 and N—C5 and the
torsional angles C1—N—C3—C4 and C1—N—C5—C6


increase compared to those of the neutral state. According

Copyright # 2007 John Wiley & Sons, Ltd.

to Table 2a–2e, compounds 1–11 are BD/TPD type. For
the ISB type, the bond lengths N—C3 and N—C5 are
smaller and the torsional angles C1—N—C3—C4


and C1—N—C5—C6 are bigger in comparison with
those at the neutral state. The geometry of the central
biphenyl moiety in the neutral state is similar to one in the
cationic state and compound 12 is of ISB type.


The addition of a methyl group in the terminal phenyl
ring with meta- and para-substitution has a slight
influence on the molecular structure, thus, the geometries
of compounds 2 and 3 are similar, but the ortho-
substitution in the terminal phenyl ring (compound 4)
generated larger steric effect than that of meta- and
para-substitutions (compounds 2 and 3). In each case, the
calculated torsional angle C1—N—C3—C4 of compound
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4 is larger than those of compounds 2 and 3, but the
calculated torsional angle and bond length between two
phenyl rings during the central biphenyl moiety are
similar. The calculated geometries of compounds 4 and
10 (NPB) are also closed.


For compounds 5 and 6, the addition of methyl groups
in the biphenyl moiety 2-and 2,6-substitution results in
the rotation of the diphenylamino moiety (NPh2) on the
corresponding N—C1 bond. For compound 7, a methyl
group is added with ortho-substitution in the terminal
phenyl ring. Apparently, it is the most effective way to
increase the steric effect between the diphenylamino
(NPh2) and central biphenyl moiety, that results in the
N—C1 bond length and the torsional angle C3—N—
C1—C2 being larger than those of compound 1 but the
geometries of the central biphenyl moiety of compounds
5–7 are similar to compound 1. For compounds 8 and 9,
the addition of methyl groups on the central phenyl rings
with 3,30- and 3,30,5,50-substitutions causes the biphenyl
groups in these compounds to be more solid. The steric
effect of compound 9 is larger than that of compound 8.
The calculated torsional angles C7—C8—C8


0—C7
0 of


compounds 8 and 9 are 88.05 and 89.588 in the neutral
state, and there are 48.11 and 79.858 in the cationic state.


Compound 11 (CBP), ise widely used as hole-trans-
porting materials.35,36 The carbazolyl fragment is planar,
but the calculated C3—N—C1—C2 torsional angle between
the central biphenyl and the carbazolyl moiety of CBP is
larger than that of compound 1 in the neutral and cationic
states. For compound 12 (ISB), the iminostilbenyl moiety
is also planar but the torsional angle C3—N—C1—C2


between the central biphenyl and the carbazolyl moiety of
ISB is larger than that of CBP in the neutral and cationic
states (90.59 and 89.238 vs. 53.86 and 44.978). The

Table 3. Calculated E(M), Eþ(M), and ionization potentials Ip (e
optimized geometry of neutral state) by the DFT/B3LYP metho
compounds


Compound TPA BD 1 2 3 4


Eþ(M)a 6.41 6.07 5.76 5.67 5.73 5.79 5
Ip
b 6.88d 6.69i


6.88d


6.70g 8.14j


Ip
c 5.58e


6.35e 5.88e 5.73f


5.51h 5
6.42f 6.42f 7.99k


5.44h


a The total energies of the molecules with their optimized geometries in neutral
b Experimental data.
c Other theoretical calculation.
d Reference [46].
e Reference [20].
f Reference [8].
g Reference [47].
h Reference [25].
i Reference [48].
j Reference [49].
k Reference [50].


Copyright # 2007 John Wiley & Sons, Ltd.

geometry of the central biphenyl moiety of ISB in the
neutral state is similar to that of the cationic state.

Ionization potential (Ip)


The calculated total energies of the molecules in their
optimized geometries of neutral state, assigned to a
reference value 0.0 eVand the relative energies (E(M) and
E(Mþ)) are shown in Table 3. The ionization potential (Ip)
is the energy difference between the cationic and the
neutral states based on the optimized geometry for the
neutral states. According to Table 3, the calculated Ip is
almost 1 eV lower than that of the experimental data.
However, our calculated Ips of compounds TPA, BD,
TPD, and NPB are consistent with other theoretical
results.18,20 The calculated Ips of compounds 1, 3, 5, and
11 by DFT/BPW91/6-31G(d,p) method, are about
0.25 eV lower than our results, but the trends of the
two calculated results are very close.25


The calculated Ip of the compound 12, which is ISB
type, is lower than that of the others, except for that of
compound 2. For the TPD type compounds, the order of
calculated Ip is as following: 11> 6> 8> 5> 9> 7>
4> 1> 10>3>2. This result indicates that the calculated
Ips of the compounds with a methyl substituent in the
terminal phenyl ring is lower than that of compound 1,
except for that of compound 4. According to the geo-
metric analysis, the ortho-substitution in the terminal
phenyl ring generated a more steric effect than those of
the para- and meta-substitution. Conversely, the calcu-
lated Ips of the compounds with methyl substituent in the
central biphenyl moiety are larger than that of compound 1.

nergy difference between cation and neutral based on the
d with the 6-31G� basis set and experimental data of the


5 6 7 8 9 10 11 12


.90 5.97 5.80 5.93 5.88 5.73 6.34 5.69


.58h 5.60e 6.04h


state are assigned to a reference value E(M)¼ 0.0 eV.
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Reorganization energy


The hole transport in the organic material can be viewed
as an electron hopping process, and the dominant trans-
port mechanism is associated with charge hopping
between two neighboring molecules, which can be repre-
sented by the following:


Mþ þM� ! MþM �þ (6)


where, Mþ denotes the molecule in the cationic state,
and M


�
is the neighboring molecule in the neutral state.


This process can be accounted for by the Marcus electron
transfer theory and the hole-transfer rate (ket).


37–42 This
may be written as:


ket ¼
4p2


h


� �
DH2


abð4plþTÞ
�1=2


exp
�lþ
4kT


� �
(7)


where, lþ is the reorganization energy for hole transport,
DHab is the electronic coupling matrix element between
the donor and acceptor molecules, h and k are Planck’s
and Boltzman’s constant, respectively. In particular, the
DHab and lþ play an important role for determining ket.
However, it is most likely that DHab would vary over a
limited range for analogous molecules.43–45 For the
TPA-based compounds, DHab are 0.66, 0.55, 0.30, and
0.34 eV for 1,4-bis(diphenylamino)benzene, 1,4-bis[di(4-
methoxyphenyl)amino]benzene, 4,40-bis(diphenylamino)
biphenyl, and 4,40-bis[di(4-methoxyphenyl)amino]
biphenyl, respectively.43 In this work, we investigated
the influence of molecular conformation in the reorga-
nization energy for these organic diamines only. Since
the electronic coupling could be estimated regarding
the relative position of the molecules, it still needs the
experimental crystal data. We will investigate this
property in our further study.


The calculated reorganization energies lþ with their
components l1 and l2, are collected in Table 4. In the pro-

Table 4. E(M), Eþ(M), E(Mþ), Eþ(Mþ) and reorganization energie
by the DFT/B3LYP/6-31G


�
method


Compound TPA BD 1 2 3 4


Eþ(M)a 6.41 6.07 5.76 5.67 5.73 5.79 5
E(Mþ)a 0.06 0.19 0.14 0.14 0.14 0.17 0
Eþ(Mþ)a 6.35 5.88 5.63 5.55 5.58 5.65 5
lR 0.12 0.38 0.27 0.26 0.28 0.31 0
l1 0.06 0.19 0.13 0.12 0.14 0.14 0
l2 0.06 0.19 0.14 0.14 0.14 0.17 0
lþ


b 0.28c


0.12c


0.38c 0.14e 0.29d 0
0.12d


0.13e


a Total energies of the molecular in their optimized geometries in neutral state a
b Theoretical calculation.
c Reference [20].
d Reference [18].
e Reference [25].


Copyright # 2007 John Wiley & Sons, Ltd.

cess l1, the structure changes from a neutral to a cationic
state based on the structure in the cationic state. In the
process l2, the geometry changes from an optimized
cation to an optimize neutral while the compound is in the
neutral state. The reorganization energies l1 and l2 are the
differences in energy between the same electronic con-
figurations at different geometries. As expected, in this
work, the calculated l1 and l2 are similar for each
compound. For the reorganization energies (lþ),
obviously, the calculated results of compounds TPA,
BD, TPD, and NPB also agree well with those calculated
by Brédas and Lin.18,20 Our calculated lþ of compounds
1, 3, 5, and CBP is considerably larger than the
BPW1-DFT estimated value. (For example the calculated
lþ’s of compounds 1, 3, 5, and CBP are 0.27, 0.28, 0.26,
and 0.14 eV in this work vs. 0.14, 0.15, 0.14, and 0.07 eV
in BPW1-DFT method, respectively.) As expected, this
result reflects the sensitivity of the absolute value of the
calculated parameters to the employed computational
method. Although the computational work neglects solva-
tion factors, there are possibleways to analyze the reorgani-
zation energy response based upon structural variation.


Within our calculated data series of compounds, the
lowest calculated lþ is associated with the rigid mole-
cular framework of compound 12 with the ISB type.
Although compound 12 has a biphenyl moiety, its
reorganization energy is lower than the others since the
terminal phenyl ring may play an important role in
determining the Marcus-type reorganization. For the TPD
type, compounds 9 and CBP with the rigid molecular
framework have the lowest calculated value of lþ.
According to the geometry analysis, the C8—C8


0 bond
length of the central biphenyl moiety of compounds ISB,
CBP, and 9 in the neutral state are close or vary slightly in
comparison to what was found for the cationic state.


Theoretically, the calculated lþ of compound 1 is
0.11 eV lower than that of BD. It seems that the terminal

s lþ, together with its components l1 and l2 (ev), calculated


5 6 7 8 9 10 11 12


.90 5.97 5.80 5.93 5.88 5.73 6.34 5.69


.14 0.11 0.11 0.17 0.09 0.17 0.08 0.05


.78 5.88 5.72 5.72 5.82 5.62 6.28 5.64


.26 0.19 0.20 0.38 0.15 0.29 0.14 0.09


.12 0.08 0.09 0.21 0.06 0.12 0.06 0.05


.14 0.11 0.11 0.17 0.09 0.17 0.08 0.05


.14e 0.29c 0.07e


ssigned to a reference value E(M)¼ 0.00 eV.
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phenyl ring decreases the lþ. The calculated lþ values of
compounds 1–3 are very close (0.26, 0.27, and 0.28 eV),
but these values are higher than that of compound 4. Thus
we conclude the ortho-methyl substitution in the terminal
phenyl ring (compound 4) generated a more steric effect
than that of the para- and meta-methyl substitution
(compounds 2 and 3). The 3,30 and 3,30,5,50 methyl
substitution on the central biphenyl moiety (compounds
5–7) has a significant influence on the reorganization
energy. Thus, in comparison with the calculated lþ of
compound 1, the calculated lþ decreases relative to
compounds 5–7 in the following order: 1> 5> 7> 6, and
there are also lower calculated l1 and higher calculated Ip
than those of compounds 5–7. The methyl substitution on
the central biphenyl moiety can be attributed to the lower
energy conformation of the compound in the cationic
state since it avoids steric interaction between the
terminal phenyl ring and methyl groups. The calculated
lþ of compound 8, which the 2,20 methyl substitution on
the central biphenyl moiety, is close to that of compound
BD and higher than that of compound 1. But compound 9
with a 2,20,5,50 methyl substitution on the central biphenyl
moiety has a lower calculated lþ than those of
compounds BD and 8 since the 2,20,5,50 methyl
substitution on the central biphenyl moiety restricts the
attainment of a planar conformation in the biphenyl
portion of the molecule, resulting in the differences
between the C8—C8


0 and C7—C8—C8
0—C7


0 of the
geometry in the neutral and the cationic states.


If one looks for a predictive tool to determine which
geometric parameters dominate reorganization energy, a
statistical approach can be adopted, either Simple Linear
Regression (SLR, one variable), or MLR (two or more
variables). In this work, the geometric parameter
difference between the neutral and the cationic states
(i.e., a1¼ the N—C1 bond length in the neutral state – the
N—C1 bond length in the cationic state) are used as

Table 5. Geometric parameters difference between the neutral


No


Geometric parametersb C


Bond length/angle 1 2 3 4


a1 N–C1 0.031 0.031 0.032 0.034
a2 N–C3 �0.010 �0.007 �0.009 �0.009 �
a3 N–C5 �0.010 �0.010 �0.009 �0.009 �
a4 C7–C8 �0.013 �0.013 �0.013 �0.013 �
a5 C8–C8


0 0.025 0.025 0.025 0.027
a1 C1–N–C3 �0.82 �1.00 �0.96 �2.71 �
a2 C1–N–C5 �0.82 �0.91 �1.00 0.61 �
a3 C3–N–C5 1.63 1.89 1.96 1.24
a4 C1–N–C3–C4 �5.95 �4.08 �7.08 �0.60 �
b5 C1–N–C5–C6 �5.95 �8.48 �6.76 �11.58 �
b6 C3–N–C1–C2 1.93 12.88 14.71 7.53
b7 C7–C8–C8


0–C7
0 14.41 11.49 13.69 16.65


a The difference (a or b) is calculated as following: a(or b)¼ the geometric para
b The bond lengths are in Å and bond angles in 8 (degree).


Copyright # 2007 John Wiley & Sons, Ltd.

shown in Table 5. The variables can be divided into ‘A’
series (the bond length of geometric parameter) and ‘B’
series (the angle of geometric parameter). The following
SLR equation was obtained as following:


lþ ¼ 9:9838� a5 þ 0:0376
R2 ¼ 0:8644


(8)


The result indicates that the reorganization energies
have a strong dependence on the difference between
the C8—C8


0 bond length of the molecule in the neutral
and the cationic states, respectively. Using the MLR, the
following equations were obtained:


For A series:


lþ ¼ 5:860948997� a4


þ 11:449629812� a5þ0:063709766


R2 ¼ 0:9229;R2
adj ¼ 0:8458


(9)


For B series:


lþ ¼ �0:007088289� b4 � 0:012003758� b5


þ0:004632957� b7 þ 0:086426634


R2 ¼ 0:9264;R2
adj ¼ 0:8527


(10)


Both for A and B series:


lþ ¼ 5:329128594� a5


�0:030292584� b1 � 0:025040432� b2


þ0:003110083� b7 þ 0:047702893


R2 ¼ 0:9961


(11)


In this equations, a5 is the differences between
the C8—C8


0 bond length in the neutral state and the
cationic state, b1 is the differences between the bond
angle C1—N—C3, b2 is the differences between the bond
angle C1—N—C5, and b7 is the differences between the

and the cationic states of the compounds with TPD typea


ompound with TPD type


5 6 7 8 9 10 11


0.025 0.014 0.022 0.030 0.017 0.033 0.014
0.004 0.000 0.000 �0.009 �0.003 �0.008 �0.007
0.001 0.000 0.000 �0.009 �0.003 �0.007 �0.007
0.009 �0.006 �0.009 �0.004 �0.007 �0.013 �0.007
0.021 0.014 0.018 0.029 0.008 0.026 0.014
1.36 �0.68 �0.26 �1.10 �0.56 �1.13 0.06
0.84 �0.70 �0.26 �0.84 �0.56 �0.82 0.06
1.70 1.38 0.50 1.95 1.11 1.01 �0.12
8.17 �3.56 �1.16 �7.12 �2.68 0.39 �1.97
2.90 �3.67 �1.16 �5.48 �2.68 �11.01 �1.97
14.85 10.91 5.22 14.59 9.17 6.99 8.89
12.34 8.56 11.64 39.94 9.73 13.68 7.99


meter in the neutral state – the geometric parameter in the cationic state.
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torsional angle C7—C8—C8
0—C7


0 in the neutral state and
the cationic state. According to the above calculations, the
calculated R2 and R2


adj are higher than 0.92 and 0.84,
respectively. The R2 of Eqn 11 is neglected because the
independent variable (p) is larger than the data point (n).
This results indicate that the reorganization energies
have a strong dependence not only on variable a5
(the differences between the C8—C8


0 bond length in the
neutral state and the cationic state) and variable b7 (the
differences between the torsional angle C7—C8—C8


0—
C7


0 in the neutral state and the cationic state) but on b1 (the
differences between the bond angle C1—N—C3) and b2
(the differences between the bond angle C1—N—C5)
variables. Besides, Eqn 11 demonstrates that the
reorganization energies (lþ) increase as variable a5 and
b7, but the reorganization energies (lþ) decrease as b1 and
b2. Therefore, according to the above calculation results,
our calculation results do not support the Brédas18 and
Lin20 calculation of TPD which indicate that the
conformation of the central biphenyl moiety is dominat-
ing molecular property in determining the relative
gas-phase reorganization energy. In principle, the
conformation of the terminal phenyl moiety is also one
dominative variable in determining this relative reorga-
nization energy. The above calculation results indicated
that there exits a good linear relationship between four
geometrical parameters and reorganization energies of
the organic diamines in this work.

CONCLUSION


The DFT B3LYP/6-31G
�
calculation on a series of


tetra(aryl)benzidine derivatives was used to reveal the
impact of molecular conformation on reorganization
energies and the charge transfer process in these tetra
(aryl)benzidine-based hole-transport materials. We con-
clude that there are ISB and BD/TPD types of the geo-
metric difference of the organic diamines during the
relaxation processes: ISB type has a lower reorganization
energy than that of the BD/TPD type. The reorganization
energy of a BD/TPD type material may be tuned with not
only the conformation of the central biphenyl moiety, but
also with one of the terminal phenyl rings. According to
the statistical analysis, four geometric parameters,
playing a significant role in determining the reorganiza-
tion energy, are the differences between the geometric
parameters C8—C8


0, C7—C8—C8
0—C7


0, C1—N—C3,
and C1—N—C5 in the neutral and the cationic states. By
the differential control of the reorganization energies, one
can design compounds with desired transport properties.
According to the Marcus theory, ideal hole-transporting
compounds with small lþ can be realized for the future
development of OLEDs. Furthermore, this calculation
may be the molecular design for developing a new
optoelectric material.

Copyright # 2007 John Wiley & Sons, Ltd.
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ABSTRACT: Periodate oxidations of ethanediol and pinacol each occur in two phases; these are (1) formation
and (2) decomposition of the intermediate complex. In phase (1), an increase in acidity gives IO�


4 !H5IO6 ! H6IOþ
6 .


The rate of oxidation of ethanediol decreases with increasing acidity, whereas the rate of oxidation of pinacol
maximizes with H5IO6. For both glycols, the activation energy increases and DSact decreases with increasing acidity.
In phase (2), the energy of activation is essentially constant with pH, whereas the rate decreases, and the entropy of
activation decreases modestly as pH decreases. The latter correlates with the nonhomogeniuty of product formation.
Rates for 3-chloro-1,2-propanediol are also listed. Pentaerythritol forms an inactive complex with IO�


4 or H5IO6


indicating the importance of chelation in the formation of the intermediate complex. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: rates; oxidations; energy

INTRODUCTION


Initially, the study of the periodate glycol reaction was
undertaken as a traditional mechanistic survey.1–4 In this
paper, evaluations include absolute rate relationships with
emphasis on entropies of activation for pinacol and
ethanediol. It is the purpose of this paper to present data
applicable to these two compounds. There may of course
be certain other potential applications. Additional
supporting data for 3-chloro-1,2-propanediol are also
included. At pH 5.6, the reaction5 is


IO�
4 ðPÞ þ CH2OHCH2OH ðGÞ ¼ Q


! IO�
3 þ 2CH2O þ H2O and Q ¼ ½O4IO�CH2


O�CH2
� (1)


where IO�
4 is periodate ion and the intermediate Q is


formed by a direct combination of reactants. A similar
reaction occurs at pH 0.6 with H5IO6 substituted for IO�


4 .
The periodate glycol reaction is of particular interest


since a clearly identifiable intermediate is in evidence.5–7


Although this intermediate cannot be isolated, one of the
primary purposes of this paper is to describe and evaluate
additional chemical characteristics of this ubiquitous (for
this reaction) substance.

to: J. E. Taylor, Department of Chemistry, Kent State
OH 44242, USA.


s@kent.edu
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Upon designating active IO�
4 as P, active glycol as G


and Q the intermediate as in Eqn (1), then P ¼ po � x�
Q; G ¼ go � x� Q where po and go are the initial
concentrations and x is the extent of reaction. The rate
constants k are defined by Eqns (2–4).


P þ G ! Q; Rate ¼ kA PG (2)


Q ! P þ G; Rate ¼ kDQ (3)


Q ! Products; Rate ¼ kSQ (4)


Since Eqns (2) and (3) represent forward and reverse
reactions, a potential equilibrium may then be established
providing the existence of kA is allowed. Thus,


KD ¼ PG=Q ¼ kA=kD (5)


and KD is the dissociation constant.
The intrinsic rate is presently defined as the rate


attained by a mixture of PþG which is allowed to
equilibrate as in Eqn (5). However, if P, G, or Q (Eqn (3))
are then altered by exterior additions or eliminations, the
intrinsic value will no longer be valid. To avoid this
difficulty in the present proposal, it is essential to establish
a basic mechanism which is maintained for the duration
of the reaction. This condition has been observed only for
a limited number of glycols and can occur only if the rate
constant kS is significantly less than kA and as follows.


Under extreme conditions, the equilibrium concen-
tration of Q is very small and is not kinetically detectable.
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Accordingly, the rate of Q formation becomes the limiting
rate and equals the rate of Q decomposition. Since Q is
very small, the rate of product formation becomes very
slow and, as a reasonable approximation, Q may be
omitted in the rate expression, and Eqn (1) becomes rate
controlling. Examples include pinacol2 (2,3-dimethyl-
2,3-butanediol) and other structurally crowded glycols.


Under other conditions, there are, however, two unique
glycols for which Q is intrinsically at equilibrium during
the course of the reaction; yet Q is kinetically detectable
and cannot be neglected. These are ethanediol and
3-chloro-1,2-propanediol. Again kS must be significantly
smaller than kA, and KD must maintain equilibrium
conditions as with Eqn (5). Proof of this condition with
ethanediol follows.


When po and go (the initial concentrations of periodate
and glycol) are mixed, an equilibrium mixture of Q, P, G
is formed, as in Eqns (2), (3), (5). If kS is small enough
such that the equilibrium can be effectively maintained by
regeneration of Q from Eqn (1). A steady state condition
may then be established such that Q’s lost by
decomposition via kS (Eqn (3)) are replaced by Q’s
generated via kA (Eqn (1)) during the major part of the
reaction.


From Eqn (5)


KDQ ¼ PG (6)


and with steady state conditions


kAPG ¼ kSQ ¼ kAKDQ (7)


and


kS ¼ kAKD (8)


Based on these concepts, a precise rate equation was
derived from Eqns (1) and (4) with po and go representing
the initial values.


dx=dt ¼ kAPG ¼ kAðpo � x � QÞðgo � x � QÞ (9)


and


KD ¼ PG=Q ¼ ðpo � x � QÞðgo � x � QÞ=Q (10)


Upon solving for Q as a quadratic equation (These
equations were initially presented as a general solution for
equilibrium reactions. Later it was demonstrated that the
appropriate applications were very limited. The following
notations changes have been made kA was k0; kS was k00,
KD was K.) and substituting in Eqn (10), two rate
equations were obtained,1 integrated,1 and computer-
ized;3 one for go> po and one for po¼ go. The Integrated
equations are given in Reference [1].


In order to apply these equations, rate data from three
or more concentrations of one reactant are essential. For
the PG reaction 0.002 M periodate is reacted with 0.002,
0.01, and 0.05 M glycol. In practice, rate data at 0.01 and
0.05 M glycols first provide values for kA and Q. This
same value of Q is then substituted using 0.002 M data. If
kA is duplicated, KD can be evaluated as an established

Copyright # 2007 John Wiley & Sons, Ltd.

constant and Eqns (1–10) are verified. Then kA and kS


become unique constants subject to individual charac-
teristics within the limitations of Eqn (8). Again Eqns (9)
and 10 and the integrands can be applied only if KD is
independent of kA and kS. Proof that this can occur has
been demonstrated with ethanediol in keeping with the
above restrictions. Other glycols with hydrocarbon
substituents do not apply.

CHELATION ENERGY


Pentaerythritol PE with its closely aligned dual pairs of
hydroxyls C(CH2OH)4 does form an inactive complex has
shown that PE is oxidized only to the extent of 0.069% in
6 hrs at 22 8C with IO�


4 or H5IO6. This has been
demonstrated as follows. Three concentrations each of
1,2-butanediol and 3,3-dimethylbutanediol at pH 5.6
were reacted with 0.002 M KIO4 at 0 8C, both neat and
with 0.1 M PE. The rate decreases by PE, similar for both
glycols at 0 8C, were as follows: 0.002 M, �13.5%;
0.01 M, �7%; 0.050 M, �4%. Ethanediol, 0.002 M and
pH 5.6, and pinacol, 0.00925 M at pH 1.0 (H5IO6) each
showed �13% rate reduction at 0 8C. However, upon
replacing the weight of PE by an equal weight of (1)
methanol or (2) acetone in no case was the change in rate
of oxidation greater than 1%. Ethanol in similar amounts
at 0 8C is also inactive.3


Thus, it is shown that PE forms a complex with IO�
4 and


with H5IO6, and that the complex is of sufficient stability
to compete with Q. Since alcohols show little evidence of
complex formation, it is concluded that an initial contact
of glycol OH’s with periodate is followed immediately by
cyclic chelation: a five-member ring with glycols and
six-member ring with PE. Chelation thereby provides the
initial energy for complex formation in Y, and the
complex is further activated for decomposition by H
transfers to form Q (Eqn (11)).


Activation energies have been previously evaluated for
the initial and final sections of Eqn (8). These are 7.1 kcal/
mol for the initial contact, kA, and 16.8 kcal/mol for
decomposition of Q. Thus, the two-part mechanism is
further emphasized and gives a total 23.9 kcal/mol
(23.3 kcal/mol was calculated if certain additional
corrections are applied, as described in reference [1].)
for the overall activation energy.


In further detail, Q formation via kA includes the loss of
a single H2O. Since DH for 2H2Oþ IO�


4 is 10.9 kcal/mol,8


the loss of one H2O, presumably 5.5 kcal, can account for
most of the 7.1 kcal activation energy. The second part,
16.8 kcal includes fissure of a labile C—C bond.


Please note that in the initial paper1 of this series the
calculations of rates and thermodynamic values at pH 5.6
were adjusted for partial hydration, etc., and that Eact


numbers were converted to DHact, etc. Due to the
uncertainties of the extent of H6IOþ


6 at the various pH, it
seems pointless to make corrections at one end of the pH
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Table 2. kA rate data for ethanediol


pH 15 8C 25 8C 35 8C Eact DSact
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scale and not the other. So Eact values are presented
without further correction but with notations of special
conditions as was also done in a preceding paper.3

5.60 1.749 2.697 3.898 7.1 �33
4.10 1.755 2.695 3.911 7.1 �33
3.62 1.723 2.702 3.938 7.3 �32
3.15 1.650 2.667 3.989 7.8 �31
2.02 0.956 1.998 3.433 11.6 �18
1.58 0.565 1.413 2.878 14.4 �10
1.08 0.2703 0.794 1.939 17.4 �1
0.62 0.1365 0.4337 1.221 19.3 þ5

pH EFFECTS


A reassessment of data from previous papers2,3 has
provided additional information concerning pH effects on
reaction rates. Although kS, kA, and KD are related by
Eqn (8), kA and KD are individually altered by pH changes
but kS is a composite of kA and KD. Thus any calculated
values, of rate, Eact and DSact reflect this background, as
described in Tables 1 and 2.

pH effects on kA


pH effects on kA will be evaluated first. Pinacol is
ethanediol with four added methyl groups. These methyls
restrict the rate of contact of PþG and greatly decrease
the overall rate of reaction. The result is that kA is the only
evident reaction rate constant for pinacol; since kA¼ kS:
whereas both kA and kS are individually evident for
ethanediol.


As previously noted,3 changing pH in the range of pH
5.6–0.61 has a pronounced effect on the active forms of
periodate.


pH 5:6 H4IO�
6 f H5IO6 f H6IOþ


6 pH 0:61


#"
IO�


4


(12)


Three factors must be evaluated.


Partial hydration of IO�
4 to H4IO�


6 (13)


Ionization of H5IO6 to H4IO�
6 (14)


Protonation of H5IO6 to H6IOþ
6 (15)


The most prominent factor is Eqn (14). Equation (15) is
also very evident at low pH as was demonstrated during
the oxidation of pinacol.2

Table 1. kA rate data for pinacol


pH 15 8C 25 8C 35 8C Eact DSact


5.60 0.00308 0.00417 0.00532 4.8 �52
4.10 0.00378 0.00535 0.00715 5.6 �50
3.62 0.00604 0.00907 0.01284 6.7 �46
3.15 0.01224 0.01983 0.02954 7.8 �40
2.78 0.02304 0.0396 0.0619 8.7 �37
2.02 0.0696 0.1500 0.2635 11.7 �23
1.58 0.0884 0.2261 0.4539 14.4 �13
1.08 0.0862 0.2504 0.593 17.0 �4
0.61 0.0688 0.2196 0.602 19.1 þ3


Copyright # 2007 John Wiley & Sons, Ltd.

ETHANEDIOL VERSUS PINACOL


As the pH is varied from 5.6 to 0.61, pinacol2 exhibits a
peak rate at pH 1–1.5 which contrasts sharply with
ethanediol3 whose peak rate is at pH 4–7, as described in
Tables 1 and 2. These data are in marked contrast with the
Eact values. Both ethanediol and pinacol have Eact–pH
curves which are essentially identical from pH 0.61 to
3.15. Above pH 3.15, a small digression is observed and
presumably continues beyond pH 7. Both curves show a
high of 19þ at pH 0.61 which decreases to 7.8 at pH 3.15,
as described in Tables 1 and 4.


The overall increases in Eact with decreasing pH are
12 kcal for ethanediol and 14 kcal for pinacol. These
numbers may be compared with the heat of hydration of
IO�


4 (to H5IO6) which has been given as 10.9 kcal/mol.9


For ethanediol the Eact at pH 5.6 is 7.07 kcal and
19.32 kcal at pH 0.61. Therefore,


10:9 þ 7:1 þ x ¼ 19:3 (16)


and x can be attributed to the additional heat of formation
of H6IOþ


6 from H5IO6, since H6IOþ
6 is largely unreactive.


The evidence arises from both spectral and rate data, and
an equation has been derived.2 Based on this equation at
pH 0.61 and 25 8C, the theoretical rate constant has been
estimated in Reference [2] as kA¼ 0.33, whereas the
observed rate constant was 0.220, as described in Table 1.
In view of the lower observed reactivity, it is concluded
that roughly one-third of the periodate exists as H6IOþ


6 at
pH 0.61. The discrepancy narrows rapidly with increasing
pH so that at pH 3 the H6IOþ


6 concentration is nearly zero.
At pH 5.6, and 25 8C 0.002 M periodate is 97.5% IO�


4 .
These data show the extent of the effects of hydration and
protonation on the overall rates of reaction.


Although ethanediol and pinacol follow the same
mechanism (as first noted by Buist et al.9) there is
mobility due to temperature. Upon greatly increasing
temperature, the ethanediol rate of oxidation would
maximize3 at a low pH similar to pinacol. Evidence of this
has been observed at 45 8C. Also any evidence of H6IOþ


6


would eventually disappear at higher temperatures, since
the equilibrium constant,2


K ¼ ½Hþ�½H5IO6�=½H6IOþ
6 � (17)


increases with temperature.
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Table 3. Equilibria data for KD (ethanediol)


pH 15 8C 25 8C 35 8C Eact DSact


5.6 0.0243 0.0649 0.1634 16.8 51
4.10 0.0243 0.0649 0.1534 16.8 51
3.62 0.0248 0.0649 0.1605 16.5 50
3.15 0.0257 0.0654 0.1533 16.0 48
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In contrast, if the temperature were greatly decreased,
the pinacol peak at pH 1 (25 8C) would disappear and the
rate would become less than at pH 5. Both the differences
in activation energies and the increase in H6IOþ


6 would
enhance this change. At very low temperatures, the latter
impact in reverse could be so overwhelming that the
observed pH effect would be largely disguised.

2.02 0.0377 0.0730 0.1357 11.3 33
1.58 0.0510 0.0810 0.1295 8.2 23
1.08 0.0535 0.0930 0.1198 4.6 11
0.61 0.0481 0.0990 0.1175 3.1 6

DSA: ENTROPY AND kA


Since entropy of activation is related to the frequency
factor and since kA represents the initial contact of PþG,
changes in the entropy as it varies with pH can be
evaluated. kA for both pinacol and ethanediol are
discussed since the basic mechanisms are similar as
previously indicated.


Note that with decreasing pH, IO�
4 becomes increas-


ingly hydrated, as shown in Eqn (12). Since kA represents
the rate of formation of the complex, the presence of the
hydrate represents an additional barrier, both physical and
chemical, to Q formation. The chemical interaction is
hydration, thus an increased hydration provides increased
heat which increases Eact as previously discussed.3


Increased hydration also provides increases in the mass
of the periodate ion. As IO�


4 changes to H5IO6, the mass
changes from 190.9 to 208.9 and again to 209.9 as H6IOþ


6


is formed. Since entropy represents a change in disorder,
an increase in mass should have a more profound effect.
This may be observed in Tables 1 and 2. In turn, the
frequency factor is altered as made evident by the changes
in DSact, as described in Tables 1 and 2.


Thus, the change in kA encompasses both entropy and
energy relationships with hydration as the common factor.
Lesser hidden effects also apply as will be discussed.


A comment on the mechanism by which the glycol
attacks the hydrated periodic acid seems appropriate. A
direct addition would lead to an octadentate and an
overcrowded iodine nucleus. It is proposed that as the
glycol contacts H5IO6, hydrogen bonding occurs, and the
complex is stabilized by H2O elimination. It is this energy
which necessitates the increased activation energy at the
lower pH, as described in Table 2.

Table 4. kS rate data for ethanediol


pH 15 8C 25 8C 35 8C Eact DSact


5.60 0.0425 0.1753 0.637 23.9 18
4.10 0.0426 0.1752 0.639 23.9 18
3.62 0.0427 0.1756 0.632 23.8 18
3.15 0.0424 0.1748 0.627 23.8 18
2.02 0.0359 0.1459 0.481 22.9 14
1.58 0.02882 0.1137 0.373 22.6 13
1.08 0.01932 0.0738 0.232 21.9 9
0.62 0.01139 0.0428 0.1435 22.3 10

DSD: ENTROPY AND KD


Since KD represents an equilibrium constant and kA, a rate
constant, corresponding calculations of DHD and DSD


have been made. (The Eyring equation defined DG for
rate data, and DG¼RTln K was applied for KD data.)
From Eqn (8), complementary energy changes and
entropy can be derived.


EA þ DHD ¼ ES (18)

Copyright # 2007 John Wiley & Sons, Ltd.

where ES is a constant. The corresponding relationship
with entropies is also valid, as described in Tables 2, 3, 4.


DSA þ DSD ¼ DSS (19)


but DSS is not constant as will be discussed.
The changes in DS for KD are large and similar in scope


to those for kA, as described in Table 3. KD represents a
reverse equilibrium with dehydration corresponding to a
pH increase. Again, the overall factor of hydration is the
primary, though not exclusive, factor, and the change in
entropy again is a mass effect which alters the rate as the
reverse equilibrium occurs.


Q þ 2H2O f H5IO6 þ G þ P (20)

DSS: ENTROPY AND KS


Both DSA and DSD of Eqn (20) vary greatly with
hydration. The difference between these two large values
is relatively small, as described in Table 4. With the
elimination of hydration as causative, the large mass
effect is eliminated, and another lesser effect upon kS


becomes evident.
The kS values as previously determined3 show a


decrease with decreasing pH. This same pattern was
repeated at seven temperatures, yet the activation energies
are essentially constant over these same temperatures.
Obviously activation entropy, and not activation energy, is
the major factor in this pH–rate relationship. Compare kS,
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(Q decomposition) equations taken from Table 4 at the pH
extremes:


at pH 5:6; Q ! IO�
3 þ 2 CH2O; DSact ¼ 18 (21)


at pH 0:61; HQ ! HIO3 þ 2 CH2O; DSact ¼ 10 (22)


An ion and a neutral molecule are the products at
higher pH, whereas only neutral molecules represent both
reactants and products at the lower pH. The degree of
disorder is obviously small and concurs with the small
change in DS with pH. The attraction of ionic IO�


3 for
water molecules compared with the lesser attraction by
the neutral products may represent the overt effect on DS.

3-CHLORO-1,2-PROPANEDIOL, CP


As previously noted, CP is a very sensitive chemical. The
rate data are included primarily to support the equilibrium
concept as described for ethanediol. Note that good values
were obtained under a variety of conditions. CP reacts at

Table 5. 3-Chloro-1,2-propanediol


8C pH KD kA
a kS


25.02 5.4 0.091 1.48� 0.01 0.135
1.06 0.21 0.408� 0.002 0.086


15.02 5.4 0.0385 0.895� 0.001 0.076
1.06 0.022 0.135� 0.002 0.00279


0.00 5.4 0.010 0.355� 0.01 0.0036
1.06 0.129 0.0189� 0.001 0.00244


a The � numbers represent average deviations. The data points totalled 26 at


Copyright # 2007 John Wiley & Sons, Ltd.

rates intermediate between ethanediol and pinacol, and
the equilibrium concept can be appropriately applied. The
data are tabulated in Table 5.

CONCLUSIONS


The rate constants kA and kS are both very real and can be
mathematically defined. Entropies as well as enthalpies of
activation are shown to be altered by changes in hydration
of periodate with pH, but for different reasons.
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ABSTRACT: Reactivities of acridine derivatives (10-benzylacridinium ion, 1aþ, 10-methylacridinium ion, 1bþ, and
10-methyl-9-phenylacridinium ion, 1cþ) have been compared quantitatively for hydride transfer reactions with
1,3-dimethyl-2-substituted phenylbenzimidazoline compounds, 2Ha–h. Reactions were monitored spectrophotome-
trically in a solvent consisting of four parts of 2-propanol to one part of water by volume at 25� 0.1 8C. Reduction
potentials have been estimated for acridine derivatives by assuming that the equilibrium constants for the reductions of
1aþ–cþ by 2Hb would be the same in aqueous solution and accepting �361 mV as the reduction potential of the
1-benzyl-3-carbamoylpyridinium ion. The resulting reduction potentials, Eo


red, are �47 mV for 1aþ, �79 mV for 1bþ,
and �86 mV for 1cþ. Each of acridine derivatives gives a linear Brønsted plot for hydride transfer reactions. The
experimental slopes were compared with those obtained by Marcus theory. This comparison shows that the kinetic
data are consistent with a one-step mechanism involving no high-energy intermediates. Copyright # 2007 John Wiley
& Sons, Ltd.

KEYWORDS: acridine derivatives; hydride transfer reaction; Brønsted a; Marcus theory

INTRODUCTION


Acridine derivatives, like most heterocyclic compounds,
have been long-standing synthetic objectives due to their
important biological activities.1 Substituted acridines
have been synthesized and reported to have antibacterial,2


antimalarial,3 anthelmintic,4 analeptic,5 and antineoplas-
tic6 activities. Acridine derivatives are also important in
the study of reaction mechanisms because they have often
been used as models of the coenzyme NADþ (nicotinamide
adenine dinucleotide) for hydride transfer reactions.7–10


The oxidized forms of acridines, namely acridinium
ions, undergo characteristic electrophilic addition reac-
tions at the highly electron-deficient 9-position in the
acridine ring and have served as hydride acceptors. On the
other hand, the reduced forms, namely acridans, have
served as hydride donors in model reactions for NADþ–
NADH interconversion.11 Among them, 10-methylacridi-
nium ion and the corresponding reduced form, 10-methyl-
acridan, have frequently been used as convenient NADþ


model compounds for kinetic and mechanistic studies for
hydride transfer reactions7,8 because they are easily
prepared, stable in solution, and suitable for spectroscopic
measurement due to their characteristic chromophores in
the visible region. When 10-methylacridan is treated with
hydride acceptors, it converts to 10-methylacridinium ion
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via a direct hydride transfer (one-step mechanism),12a,13


by electron transfer followed by hydrogen transfer, or by
sequential electron, proton, and electron transfer (step-
wise mechanism),7a–d depending on the structures of
acceptors and the reaction conditions.7e,f


For these reasons, further exploration of the reaction
kinetics of acridine derivatives is of interest. We report
here rate constants for the reactions of a series of 1,3-
dimethyl-2-substituted phenylbenzimidazolines, 2Ha–h
with three kinds of hydride acceptors: 10-benzylacridium
ion, 1aþ, 10-methylacridinium ion, 1bþ, and
10-methyl-9-phenylacridinium ion, 1cþ. These acceptors
differ in their substitution at N-1 and C-9. The hydride
donors differ in their substitution on the phenyl ring.


N
R


Y


N


N H


CH3


CH3
ZClO4


-


1+ 2H 


1a+, Y = H, R = C6H5CH2


1b+, Y = H, R = CH3


1c+, Y = C6H5, R=CH3


Z = a, p-CH3
b, H
c, p-F
d, p-Cl
e, m-F
f, m-Cl
g, m-CF3
h, m,m'-Cl2
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1,3-Dimethyl-2-phenylbenzimidazoline, 2Hb, has
been reported previously as a powerful reducing agent
whose corresponding oxidant, 1,3-dimethyl-2-phenyl-
benzimidazolinium ion, 2bþ has a reduction potential of
�471 mV.14 Benzimidazoline derivatives can be also
regarded as NADH analogs,15 and, depending on the
structures of acceptors, can undergo hydride transfer to
hydride acceptors by a one-step mechanism,14,16 or by a
mechanism involving successive single electron transfer
(SET) and hydrogen-atom transfer (HAT), which will be
called an SET–HAT mechanism.15


We estimated the reduction potentials for the oxidants
1aþ–cþ in order to compare their reactivity for hydride
transfer reactions. We analyze the kinetic results by using
Marcus theory, which is based on a one-step mechan-
ism.17 The Marcus equation provides a relationship
between the free energy of activation, the intrinsic barrier,
and the overall Gibbs free energy of reaction, and it
provides insight into the two-dimensional characteriz-
ation of the transition structure as well as the reaction
mechanism.

THEORY


Semiempirical Marcus theory18 has been applied with
considerable success to hydride transfer between NADþ


analogs, and this analysis demonstrates that such transfers
form a single, large family of reactions.12,13 In
semiempirical calculations of rate constants for hydride
transfer by Marcus theory, the rate constants for the
related symmetrical (or degenerate) reactions play a key
role.12,13


A reaction series is defined by Eqn (1), where i and j
indicate the hydride acceptor and donor, respectively.


Aþ
i þ DjH ! AiH þ Dþ


j (1)


If the reactants and products are structurally related and
of the same charge type, it is assumed that the free energy
required for forming an encounter complex or a precursor
structure 19,20 from the separated reactants, Wr, is the
same as the free energy for forming a successor structure
from the separated products, Wp. In that case, the Marcus
relations10,18 predict that the free energy of activation is
given by13,18


DG� ¼ W r þ ð1 þ DG�=lÞ2 � l=4 (2)


where DG8 is the Gibbs free energy of reaction, and l is
the intrinsic barrier given by


l ¼ ðli þ ljÞ=2 (3)


where li and lj are free energies of activation for the
related symmetrical reactions shown as Eqns (4, 5).


A�þ
i þ AiH ! A�


i H þ Aþ
i (4)


D�þ
j þ DjH ! D�


j H þ Dþ
j (5)

Copyright # 2007 John Wiley & Sons, Ltd.

The overall free energy is related to the equilibrium
constant by


K ¼ expð�DG�=RTÞ (6)


where R is the gas constant and T is the temperature. The
free energy of activation is related to the rate constant by


k ¼ kBT


h
exp


�DG�


RT


� �
(7)


where kB is Boltzmann’s constant and h is Planck’s constant.
As shown in Eqn (2), DG� is assumed to be the sum of


two parts. The work term Wr is that part of DG� that is
insensitive to the value of DG8. It has been found10 that
nonzero values of Wr are required even when the potential
energy surfaces from which they were calculated had no
metastable intermediates. For reactions of the type studied
here, it has been found12–14 that Wr is about �8 kJ/
mol,12–14 and we will use that value. The full explanation
of why part of the free energy of activation should
ultimately be sought in valence bond theory,21 but that is
beyond the scope of the present paper. However, the value
of �8 kJ/mol may be considered reasonable in light of the
charge-transfer interaction between the reactants.13 The
final conclusions of Marcus theory analysis are not overly
sensitive to Wr, as long as it is not too far from zero.13


The Brønsted a parameter, which equals d(lnk)/d(lnK),
can be obtained from Eqns (1–7), which yields


a ¼ x� 0:5ðt � 1Þ � 0:5
RT lnK


l


� �2


ðt � 1Þ (8)


where


x ¼ 0:5 1 � ðRT lnKÞ
l


��
(9)


and


t � 1 ¼ dðln kiÞ
dðlnK�Þ (10)


where K8 is the equilibrium constant of the reaction of Aþ
i


with a standard hydride donor. We can write


K� ¼ exp
�DG��


RT


� �
(11)


where DG88
i is the overall Gibbs free energy of reaction


for the reaction of Aþ
i with a standard hydride donor. The


upper signs are used in Eqn (8) if the structural variation is
in the acceptor, and the lower signs are used if the
structural variation is in the donor.12 For the present work,
each system has the structural variation in the hydride
donor so we used the lower signs consistently.


The parameter x is called the resemblance parameter
and it accounts for the parallel effect, also called the
Leffler–Hammond effect.22 The parameter t is called the
tightness parameter and it accounts for the perpendicular
effect, also called the Thornton effect.23


For consistency with previous work,12a 10-methyl-
acridan, 1Hb, has been used as the standard donor. Using
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Eqn (10), the variation in rate constants of symmetrical
reactions with Ko can be used to evaluate the parameter t.
Or, conversely, the effect of changes in hydride affinity
of Aþ


i on the value of li can be evaluated from the change
in DG88


i , which is measurable. For hydride transfer
between NADþ analogs, t was found to be reasonably
constant with an average value of 0.8113 and this value is
used in the present work. The third term in Eqn (8) is
negligible in most cases because (RT/l)2 will usually be
very small. It has been shown, however, that both of the
first two terms in Eqn (8) are required for a satisfactory
estimate of a.12–14


Note that t was originally defined as the sum of the
bond orders of the in-flight hydrogen at the critical
configuration,12a but, more generally, it is a phenomen-
ological parameter related to the distance between the end
groups as well as the partial charge on the in-flight atom
or group.10 Theoretical work suggests18 that it is
approximately constant over a long range of K values,
as long as the end atoms are unchanged.


In this paper we consider three reaction series: when
the structural variation for hydride transfer reaction is in
the hydride donor as shown by Eqns (12–14),


1aþ þ 2H ! 1Haþ 2þ (12)


1bþ þ 2H ! 1Hbþ 2þ (13)


1cþ þ 2H ! 1Hcþ 2þ (14)


the Brønsted a parameter can be obtained by using Eqn
(8) with the lower signs. Using the same donors for all
three systems makes the comparison possible in terms of
the Brønsted a, x, and t. The perpendicular effect, t, on a
is the same for all three systems and the magnitude of the
variation of a depends entirely on x. Ratios of a values
are given by


a1aþ
a1bþ


¼ ½dðln k1aþÞ=dðln k1bþÞ�
½dðlnK1aþÞ=dðlnK1bþÞ�


(15)


The numerator in Eqn (15), the derivative involving
rate constants, is accessible experimentally by measuring
the rate constants, k, for the three reaction systems, and
the denominator, the derivative involving equilibrium con-
stants, is unity for the present system because the same
hydride donors, 2Ha–h, are used with each of the three
acceptors. These ratios demonstrate the Leffler–Ham-
mond or parallel effect. They are much less dependent on
the accuracy of the K values than the individual values.
Therefore, these ratios are very useful in comparing the
experimental results with Marcus theory.

SYNTHESIS


Compounds 1aþ and 1bþ were prepared by benzylation
and methylation of acridine using benzyl bromide and
methyl iodide, respectively,9 and followed by an ion
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exchange reaction with NaClO4. Compound 1cþ was
prepared by addition of Grignard reagent to 1bþ followed
by oxidation reaction with p-chloranil and perchloric
acid.12b All the acridine compounds were identified by
their physical and spectroscopic properties. Compounds
2Ha–h were prepared by the method of Craig et al.24 with
a small modification.


A typical synthetic procedure is as follows: A mixture
of substituted benzoic acid (1.2 eq), o-phenylendiamine
(1 eq), and polyphosphoric acid (three times of weight of
acid) was heated with stirring at 175 8C for 1.5 h and then
cooled to room temperature. An aqueous solution
of NH4OH (7%) was added to neutralize unreacted acids
(benzoic acid and polyphosphoric acid). The solid was
filtered and thoroughly rinsed with the NH4OH solution to
give 2-substituted phenylbenzimidazole. The yields were
generally over 90%. Without further purification, the
product was treated with methyl iodide (3 eq) in methanol
containing NaOH (1 eq). The reaction mixture was heated
at 110 8C overnight in a pressure tube. The crude product
was recrystallized from absolute ethanol to give 2þ


(yields, over 80%). To a solution of 2þ (1 eq) in methanol
(25 ml/g), NaBH4 (3 eq) was slowly added . The reaction
mixture was stirred vigorously for 1 h under N2. After
removal of the solvent under reduced pressure the solid
was recrystallized from EtOH–H2O (2:1, v/v) to give a
colorless crystalline product, 2H (yields, over 70%).

KINETICS MEASUREMENTS


All kinetic measurements were conducted in a solvent
containing four parts of 2-propanol to one part of water by
volume at 25� 0.1 8C to facilitate comparison with a
large body of analogous results already available in this
solvent system.13 2-Propanol and water were distilled
before use. Reactions of 1aþ and 1bþ with 2H had
half-lives less than 1 s. The reaction rate constants were
determined with a stopped-flow apparatus (Hi-Tech
Scientific, SFA-20) attached to the spectrophotometer
(Beckmann DU-7500) by monitoring the decay of the
absorption of 1aþ and 1bþ at 420 nm. Reactions of 1cþ


with 2H were slow enough to monitor the decay of its
absorption at 420 nm. These reactions went to completion
in the presence of excess of 2H (>2.5� 10�3 M). All
kinetic experiments were carried out with at least 25-fold
excess of the spectroscopically inactive constituent, 2H.
Therefore, kobs was obtained from the first-order rate
law:26


kobs ¼ t�1 ln
Ao � A1
At � A1


� �
(16)


and the second-order rate constants, k, were given by kobs /
C, where C is the concentration of the substance in excess.


All kinetic experiments were performed at least four
times, in separate experiments. More than 20 experiments
were performed for fast reactions of 1aþ and 2bþ,
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Table 1. Rate constants and equilibrium constant for hydride transfer reactions


Reductant Oxidant, k (M�1 s�1)


2H 1aþ 1bþ 1cþ Ka


a 1.37� 103 4.11� 102 2.91� 10�1 6.58� 10
b 9.80� 102 2.94� 102 1.92� 10�1 3.60� 10
c 7.17� 102 1.61� 102 8.35� 10�2 1.72� 10
d 5.35� 102 1.12� 102 7.17� 10�2 4.46
e 3.21� 102 6.71� 10 5.80� 10�2 2.52
f 2.15� 102 5.47� 10 4.87� 10�2 1.65
g 1.55� 102 4.05� 10 2.15� 10�2 1.17b


h 5.90� 10 1.60� 10 9.53� 10�3 1.12� 10�1


a The equilibrium constant for the reaction of 1-benzyl-3-carbamoylpyridinium ion with 2H in Ref. 14.
b This value was obtained by extrapolation of a plot of lnK as a function of s in Ref. 14.
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because the stopped-flow apparatus required small
volumes, which give rise to greater-than-usual uncertain-
ties in the concentrations. The average deviations from
mean values of kobs were about 5–8% for compounds 1aþ


and 1bþ and 5% for compound 1cþ.

RESULTS


Rate constants for hydride transfer reactions are listed in
Table 1. We also list the equilibrium constants for the
reaction of 1-benzyl-3-carbamoylpyridinium ion with 2H
in Table 1. Equilibrium constants, Brønsted a parameters,
and Hammett r parameters for hydride transfer reactions
are listed in Table 2 along with the values of l (kJ/mol),
Eo


red (�mV), and pKR. The parameters required for
analyzing the parallel effect for hydride transfer reaction
are listed in Table 3. The correlation of lnk with lnK for
the reactions shown in Eqns (12–14) is shown in Fig. 1.

Table 2. Equilbrium constants, Brønsted as, and Hammett
rs for hydride transfer reactions


Parameter 1aþ 1bþ 1cþ


Ka 1.45� 1012b 1.23� 1011c 7.81� 1010c


x 0.41 0.42 0.43
l (kJ/mol) 383 385 456
a (expt.) 0.50� 0.03d 0.51� 0.02d 0.52� 0.05d


a (calc.)e 0.51 0.52 0.53
r �1.57� 0.11d �1.62� 0.08d �1.63� 0.15d


Eo
red (�mV) 47 79f 85


pKR 6.66g (8.92)h 7.60i (10.00)h 8.57j (11.03)k


a Equilibrium constants for reactions of each oxidant with 2Hb.
b Determined by the ladder procedure.
c Values obtained from Ref 25.
d The uncertainty is a probable error.
e Values obtained from Eqn (8).
f This value was obtained from Ref. 12d.
g An estimated value from extrapolation of a plot of pKR in our solvent
system (2-propanol: H2O, 4:1 v/v) against pKR in H2O.
h Values obtained in H2O from Ref. 9.
i This value was obtained from Ref. 31 (This value was reported as 7.74 due
to a systematic computational error in the literature.)
j The value was obtained from Ref. 12c.
k The value was obtained from Ref. 27.
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The parallel effects for the reactions between NADþ


analogs are shown in Fig. 2. The correlation of lnk with s
for the reactions in Eqns (12–14) is shown in Fig. 3.

DISCUSSION


As shown in Table 1, the order of reactivity of the oxidants
is 1aþ> 1bþ> 1cþ. The oxidant 1aþ is more reactive
than 1bþ due to the greater inductive effect of benzyl as
compared to methyl; sI for phenyl, which distinguishes
the two substitutes, is 0.1.28 However, the introduction of
a phenyl group at the 9-position of the acridine ring,
which is the reactive site, decreases the reaction rate by
more than a factor of 103, resulting in 1cþ being much less
reactive than 1bþ. These trends are consistent with those
observed for the reactions of 1-benzyl-1,4-dihydroni-
cotinamide with 1bþ and 1cþ in acetonitrile at 20 8C,
where 1bþ reacts 31 times faster than 1cþ as a hydride
acceptor.29 It is believed that the steric effect of the phenyl
group predominates the inductive effect for 1cþ. This
reactivity trend is also consistent with the values of pKR


listed in Table 2 because logk may be linearly correlated
with pKR.9


Another way to compare the reactivity of the oxidant is
to measure the magnitude of reduction potential. By using
a ladder procedure with the value of K for the reaction of
1bþ with 2Hb and previously reported values of K (the
equilibrium constants for the reactions of 1aþ and 1bþ


with 3-methyl-2-phenylbenzothiazoline, respectively),12d

Table 3. Demonstration of the parallel effect


oxidant Slopea,b
Ratio
of rs


Calculated
ratio of as


1aþ–1bþ 0.97� 0.05 0.97 0.98
1bþ–1cþ 0.96� 0.07 0.99 0.98
1aþ–1cþ 0.93� 0.08 0.96 0.96


a The slopes of the plots of lnk in one series as a function of lnk in another
series for the same hydride donors, 2Ha–h, with a different hydride
acceptor, 1R.
b The uncertainty is a probable error.
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Figure 1. The correlation of lnk with lnK for the reactions
shown in Eqns (12–14). The slopes of plots (the Brønsted a)
are 0.50 (r¼ 0.974) for 1aR (~), 0.51 (r¼0.987) for 1bR


(&), and 0.52 (r¼ 0.945) for 1cR (^), respectively


Figure 3. The correlation of lnk with s for the reactions in
Eqns (12–14). The slopes of plots, which are the values of r,
are�1.57 (r¼0.970) for 1aR (~),�1.62 (r¼ 0.984) for 1bR


(&), and �1.63 (r¼0.944) for 1cR (^), respectively. The
slopes are divided by 2.3 to convert them to r values
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we can calculate that the equilibrium constant for the
reaction of 1aþ with 2Hb is 1.45� 1012. The equilibrium
constants for the reactions of 1Ha with 1bþ and 1Hc with
1bþ in the same solvent system can be also obtained by
another ladder, which yields 8.48� 10�2 for 1aþ and
6.35� 10�1 for 1cþ.25 With these values of K, reduction
potentials, Eo


red, of �47 mV for 1aþ and �85 mV for 1cþ,
are obtained by


RT lnK ¼ nFDE� (17)

Figure 2. The parallel effects for hydride transfer reactions bet
(r¼0.967), and 0.93 (r¼ 0.954) for I, II, and III, respectively. They a
shown in Table 3
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where F is the Faraday constant and n is the number of
electrons transferred (two in this case).31


For all the systems, Brønsted plots were made by
plotting the values of lnk against the values of lnK for the
reactions shown in Eqns (12–14). The equilibrium
constants are obtained from the reactions of
1-benzyl-3-carbamoylpyridinium ion with 2H.14 It is
assumed that since the structural variations are in the
donors (2H), the equilibrium constants for the present
system are proportional to those for the reactions of

ween NADþ analogs. The slopes are 0.97 (r¼0.982), 0.96
re in good agreement with the ratios of calculated a values, as
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1-benzyl-3-carbamoylpyridinium ion with 2H.14 All
three plots are quite reasonably linear, as shown in
Fig. 1. According to Eqn (8), their slopes are the Brønsted
a values; these are given in Table 2, along with the
probable errors of the slopes. The values of slopes are
0.50� 0.03 for 1aþ, 0.51� 0.02 for 1bþ, and 0.52� 0.05
for 1cþ, respectively. Since the same values of K were
used for all three plots, errors in a values due to errors in K
values (about 10%)14 are completely compensated when
ratios of a values are taken. In other words, differences in
a are almost unaffected by errors in the K values and such
ratios are much more reliable than would be suggested by
the probable errors of the values of a themselves.


The calculated values of a in Table 2 can be obtained
from the Marcus theory in Eqns (8, 9) if the values of Wr,
t, l, are available (the values of W r (�8 kJ/mol) and t
(0.81) were described above). With the values of DG�,
DG8, and Wr in hand, l and x were evaluated from Eqns
(8, 9). They are listed in Table 2. The intrinsic barrier of
2Hb, l2Hb, has been reported as 413 kJ/mol.14 With this
value we can estimate the individual values of l by
applying to Eqn (3), giving 353 (kJ/mol) for l1aþ, 357 (kJ/
mol) for l1bþ, and 502 (kJ/mol) for l1cþ, respectively.
The compound 1cþ has the highest reaction barrier
among them, leading to the lowest reactivity. The
introduction of phenyl group at C-9 on the acridine ring
for 1cþ gives a significant steric effect which overcomes
the electronic effect, resulting in the reduction of the
reactivity. This provides additional support for the order
of reactivity.


The equilibrium constants are much larger than unity
for the present system, giving x values of 0.41, 0.42, and
0.43 for 1aþ, 1bþ, and 1cþ, respectively. But the
calculated values of a are 0.51, 0.52, and 0.53 for 1aþ,
1bþ, and 1cþ, respectively, as shown in Table 2. The
experimental and calculated a values are in fairly good
agreement. The calculated values reproduce the trend in
the experimental values almost exactly. This trend is an
expression of the Leffler–Hammond or parallel effect. It
shows the gradual change in transition state structures as
the reactions become more spontaneous even though the
difference is not large. It should be pointed out that most a
values for the present system are greater than 0.5 even
though the values of K are much greater than unity,
although conventionally one would expect them to be less
than 0.5.22 This is explained by the perpendicular effect,
that is, by the second term in Eqn (8).30 The structural
variation is in the hydride donor in the present system and
the perpendicular effect (0.5(t – 1)) should be subtracted
from x in Eqn (8). As mentioned in the Section ‘Theory’,
t is 0.81, leading to the contribution of the perpendicular
effect of �0:5ð0:81 � 1Þ¼þ0:1 on the Brønsted a in the
present case. This leads to the value of a greater than x by
itself.


Plotting of lnk values for reduction of one oxidant as a
function of lnk for reduction of another oxidant by the
same donors, 2Ha–h, can demonstrate the parallel effect

Copyright # 2007 John Wiley & Sons, Ltd.

as described in the Section ‘Theory’. This method can
avoid the use of the series of K values by cancellation of
the ratio of K in denominator in Eqn (15). The plots are
shown in Fig. 2. The slopes of these plots slightly differ
from unity because of the parallel effect. This effect for
the present system may not be as significant as the earlier
observation14 due to a narrow range of K values compared
to the previous system which had a much wide range of K
values (1012), but it is still appreciable as shown in
Table 3. They should be given by ratios of calculated a
values according to Eqn (15). They are also in good
agreement.


The Hammett parameter32 can be also used for
mechanistic study by comparing r values in a similar
way. The correlations of lnk with Hammett parameter, s,
show a good linearity for all three series as shown in
Fig. 3, giving r values of �1.57, �1.62, and �1.63 for
1aþ, 1bþ, and 1cþ, respectively, after dividing by 2.3 to
put them on the usual scale. As expected, the values of r
are negative because the reacting site at C-2 on the
benzimidazole ring of 2H develops a positive charge in
the transition state. The ratios of r are very similar to the
slopes shown in Fig. 2 as well as the ratios of the
calculated a values. All the selectivity parameters
indicate that the reactivity-selectivity principle (RSP)
holds, so that rates of the hydride transfer are more
dependent on basicities rather than on intrinsic barriers.


The foregoing results are consistent with the mechan-
ism that the present system undergoes direct hydride
transfer from 2H to 1aþ-cþ without high-energy
intermediate.

CONCLUSIONS


The introduction of phenyl group on the acridine ring
affects the reactivity and the reactivity depends on its
location. The order of reactivity for the acridine
compounds is 1aþ> 1bþ and > 1cþ and their reduction
potentials, Eo


red, are �47 mV for 1aþ, �79 mV for 1bþ,
and �85 mV for 1cþ, respectively. The Brønsted a for the
present system can be calculated with the aid of Marcus
theory which is based on a one-step mechanism and the
calculated and experimental a values are in good
agreement. Within Marcus formalism the present system
can also demonstrate the Leffler–Hammond or parallel
effect by introducing the same structural variation in the
hydride donor, 2H.

Acknowledgements


This work was supported by Korea Science and Engin-
eering Foundation (R01-2004-10279). The authors thank
Professors D. G. Truhlar and M. M. Kreevoy in the

J. Phys. Org. Chem. 2007; 20: 484–490


DOI: 10.1002/poc







490 I.-S. HAN LEE, H. J. KIL AND Y. R. JI

University of Minnesota for valuable comments and
discussion as well as for proofreading the manuscript.

REFERENCES


1. Albert A. In Drug Design, vol. 3, Ariens EJ (ed.). Academic Press,
Inc: New York, 1972.


2. Rubbo SD, Albert A, Maxwell M. Brit. J. Exp. Pathol. 1942; 23:
69–83.


3. Goodman LS, Gilman A. In The Pharmacological Basis of Thera-
peutics (4th edn), Rollo IM (ed.). MacMillan: New York, 1971.


4. Chandler A, Read C. In Introduction to parasitology (10th edn),
Wiley: New York, 1961.


5. Albert A. In The Aciridines (2nd edn). E, Arnold Ltd: London,
1966.


6. Cain BF, Atwell GJ. Europ. J. Cancer 1974; 10: 539–547.
7. (a) Ohno A, Shio T, Yamamoto H, Oka S. J. Am. Chem. Soc. 1981;


103: 2045–2048; (b) Anne A, Fraoua S, Hapiot P, Moiroux J,
Saveant J-M. J. Am. Chem. Soc. 1995; 119: 7412–7421; (c) Cheng
J-P, Lu Y. J. Phys. Org. Chem. 1997; 10: 577–584; (d) Fukuzumi S,
Ohkubo K, Tokuda Y, Suenobu T. J. Am. Chem. Soc. 2000; 122:
4286–4294; (e) Yuasa J, Fukuzumi S. J. Am. Chem. Soc. 2006; 128:
14281–14292; (f) Yuasa J, Yamada S, Fukuzumi S. J. Am. Chem.
Soc. 2006; 128: 14938–14948.


8. (a) Colter AK, Saito G, Sharom F. Can. J. Chem. 1977; 55:
2741–2751; (b) Powell MF, Bruice TC. J. Am. Chem. Soc.
1983; 105: 1014–1021; (c) Bunting JW, Luscher MA. Can. J.
Chem. 1988; 66: 2524–2531.


9. Colter AK, Lai CC, Williamson TW, Berry RE. Can. J. Chem.
1983; 61: 2544–2551.


10. Kim Y, Truhlar DG, Kreevoy MM. J. Am. Chem. Soc. 1991; 113:
7837–7847.


11. (a) Gebicki J, Marcinek A, Zielonka J. Acc. Chem. Res 2004; 37:
379–386; (b) Zhu X-Q, Yang Y, Zhang M, Cheng J-P. J. Am. Chem.
Soc. 2003; 125: 15298–15299; (c) Zhu X-Q, Li H-R, Li Q, Ai T, Lu
J-Y, Yang Y, Cheng J-P. Chem. Eur. J. 2003; 9: 871–880; (d) Zhu
X-Q, Cao L, Liu Y, Yang Y, Lu J-Y, Wang J-S, Cheng J-P. Chem.
Eur. J. 2003; 9: 3937–3945; (e) Zhu X-Q, Zhang J-Y, Cheng J-P.
J. Org. Chem. 2006; 71: 7007–7015.

Copyright # 2007 John Wiley & Sons, Ltd.

12. (a) Kreevoy MM, Lee I-SH. J. Am. Chem. Soc. 1984; 106:
2550–2553; (b) Kreevoy MM, Lee I-SH. Z. Naturforsch. 1989;
44a: 418–426; (c) Lee I-SH, Chow K-H, Kreevoy MM. J. Am.
Chem. Soc. 2002; 124: 7755–7761; (d) Lee I-SH, Ji YR, Jeoung
EH. J. Phy. Chem. A. 2006; 127: 3875–3881.


13. Kreevoy MM, Ostovic D, Lee I-SH, Binder DA, King GW. J. Am.
Chem. Soc. 1988; 110: 524–530.


14. Lee I-SH, Jeoung EH, Kreevoy MM. J. Am. Chem. Soc. 1997; 119:
2722–2728.


15. (a) Tanner DD, Chen JJ. J. Org. Chem. 1989; 54: 3842–3846;
(b) Tanner DD, Chen JJ. J. Org. Chem. 1992; 57: 662–666.


16. Chikashita H, Ide H, Itoh K. J. Org. Chem. 1986; 51: 5400–5405.
17. Melander L, Saunders WH. In Reaction Rates of Isotope Mol-


ecules, Wiley: New York, 1980.
18. (a) Marcus RA. Annu, Rev. Chem. Phys. 1964; 15: 155–196;


(b) Marcus RA. J. Chem. Phys. 1968; 72: 891–899; (c) Kreevoy
MM, Truhlar DG. In Investigation of Rates and Mechanisms of
Reactions (4th edn), Bernasconi CF (ed.). Wiley: New York, 1986;
Part I.


19. Kreevoy MM, Konasewich DE. Adv Chem Phys 1971; 21:
243–252.


20. Hassid AI, Kreevoy MM, Liang T-M. Symp. Faraday Soc. 1975;
10: 69–77.


21. Shaik S, Shurki A. Angew. Chem. Int Ed. 1999; 38: 586–625.
22. (a) Leffler JE. Science 1953; 117: 340–341; (b) Hammond GS.


J. Am. Chem. Soc. 1955; 77: 334–338.
23. Thornton ER. J. Am. Chem. Soc. 1967; 89: 2915–2927.
24. Craig JC, Ekwuribe NN, Fu CC, Walker KAM. Synthesis 1981;


303–305.
25. Lee I-SH, Jeoung EH, Kreevoy MM. J. Am. Chem. Soc. 2001; 123:


7492–7496.
26. Frost AA, Pearson RG. In Kinetics and Mechanism (2nd edn).


Wiley: New York, 1961.
27. Bunting JW, Chew VSF, Abhyankar SB, Goda Y. Can. J. Chem.


1984; 62: 351–354.
28. Hine J. In Structural Effects on Equilibria in Organic Chemistry.


John Wiley and Sons: New York, 1975.
29. Van Laar A, Van Ramesdonk HJ, Verhoeven JW. Recl. Trav. Chim.


Pays-Bas 1983; 102: 157–163.
30. Kreevoy MM, Ostovic D, Truhlar DG. J. Phys. Chem. 1986; 90:


3766–3774.
31. Ostovic D, Lee I-SH, Roberts RMG, Kreevoy MM. J. Org. Chem


1985; 50: 4206–4211.
32. Ritchie CD, Sager WF. Prog. Phys. Org. Chem. 1964; 2: 323–400.

J. Phys. Org. Chem. 2007; 20: 484–490


DOI: 10.1002/poc








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 201–205
Published online 27 March 2007 in Wiley InterScience


(www.interscience.wiley.com) DOI: 10.1002/poc.1169

Reactions of Wheland complexes: base catalysis in
re-aromatization reaction of s complexes obtained
from 1,3,5-tris(N,N-dialkylamino)benzene
and arenediazonium salts

Luciano Forlani,* Carla Boga, Erminia Del Vecchio, Aline-Laure Tocke Dite Ngobo and Silvia Tozzi
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ABSTRACT: The usual idea on the two-steps mechanism of aromatic electrophilic substitution reactions is that the first
step (the attack of the electrophilic reagent on the activated substrate) is rate limiting, while the driving force of the
reaction is the fast proton departure to recover the resonance energy of the aromatic substrate. The now examined systems
allow the formation of stable s cationic complexes (Wheland intermediates) which may be investigated by simple
procedures. Data here reported represent a clear and simple instance of a measurement of the rate of the proton abstraction
from a Wheland intermediate and they indicate that this proton abstraction occurs by base catalysis in a rate determining
step. Probably, this feature is more frequent than that usually conceived in the mechanism of electrophilic aromatic
substitution reactions, because these reactions are often carried out in reaction mixtures containing large amounts of
proton acceptor species which might mask the possible base catalysis. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: base catalysis; Wheland intermediates; electrophilic aromatic substitution; rate-determining step

INTRODUCTION


In common textbooks of organic chemistry1 aromatic
electrophilic substitution reactions are indicated to occur
(See Scheme 1) by a two-steps mechanism, which
involves firstly the attack of the electrophilic reagent
producing a hybridization change (from sp2 to sp3) of
the carbon atom center of the reaction. Consequently, a
charged s complex (the so-called Wheland2 intermediate
(W)) is formed. In Kochi3 treatment, the first interaction
between the aromatic substrate and the electrophilic
reagent is a donor-acceptor interaction (DA).


In principle, the formation of s complexes may be
indicated to be reversible, but for the present reactions,
this subject needs more detailed investigations.


The second step concerns the elimination of a proton
(by C—H bond breaking) and the formation of reaction
products (P) with the consequent change in the
hybridization of carbon atom (from sp3 to sp2). The re-
aromatization process is usually reported as a fast step
because of the resonance energy gain fromW toP. Also in
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acoltà di Chimica Industriale, ALMA MATER STU-
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this step, probably, the formation of a DA complex
between the proton and the aromatic substrate of the
reaction precedes the formation of the final product P. In
contrast, the departure of the proton in a rate-limiting step
was firstly studied and recognized by Zollinger and
Effenberger. In particular, some works have reported the
observation of a primary isotope effect in reactions
between diazonium salts and naphthol derivatives4,5 or
indole derivatives.6 Effenberger7 states: ‘‘Deprotonation
of the s complexes. . ..requires base’’.


In this framework we examined the behavior of
the reactions of 1,3,5-tris(N-piperidyl)benzene (1) and
1,3,5-tris(N-morpholinyl)benzene (2) with 4-substituted
benzenediazonium tetrafluoroborates which give the
formation of stable s-adducts (Wheland-like intermedi-
ates).8 Recently,9 we reported the characterization of
complexes (prepared by reaction between 4,6-dinitro-
benzofuroxan and 1,3,5-tris(N,N-dialkylamino)benzenes)
of special interest because they can be regarded
at the same time as s-adducts for contempor-
ary SNAr and SEAr processes.


These are rare cases of s complexes, which not
only may be characterized by spectroscopic method
(mainly NMR and UV/Vis spectroscopy), but their
reactivity may be quantitatively investigated by usual
kinetic procedures.
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In the present work, we are reporting a kinetic
investigation about the second step of the reaction of
Scheme 1, in acetonitrile, (from W to P) toward the final
product of the azo-coupling reaction.
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6+ - 11+


0


kB


- H+


R2N


NR2


NR2


N
N


Y


NR2 = piperidyl,
Y = OCH3  12;
NO2 13; Br  14


NR2 = morpholinyl,
Y = OCH3  15;
NO2 16; Br  17


12H-17H


12-17


Scheme 3

RESULTS AND DISCUSSION


When equimolar amounts of 1 (or 2) in acetonitrile, and
diazonium tetrafluoroborate (3, 4, 5) are mixed at 208C,
an orange colour develops, related to the formation of
s cationic complexes 6R–11R, as we have previou-
sly ascertained on the basis of NMR spectral data.8 UV/
Vis spectroscopic data, immediately recorded after
mixing, agree with the complete and instantaneous
formation of complexes W starting from tris(N,N-
dialkylamino)benzenes and diazonium salts, as reported
in Scheme 2 (see Experimental section).


Decomposition of W complexes (6R–11R) leading to
azoderivatives 12H–17H (Scheme 3) may spontaneously
occur in some days, or may occur in a few minutes by the
action of bases providing compounds 12–17.8 Scheme 3
represents a picture of the main possible reaction
pathways.


These findings are in agreement with the fact that in
1,3,5-tris-(N,N-dialkylamino)benzenes the three NR2


groups make the system particularly basic, thus the W
complex is a weak acid. For this reason the first transition
state depicted in Scheme 1 is at a lower energy level with
respect to the second one, and this make the second step
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Y = OCH3  9+; NO2 10+; Br  11+


W
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Scheme 2
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of reaction rate-determining: then it could be affected by
base catalysis. Thus, we started a study in order to
measure such an effect.


Tables 1 and 2 report sets of data concerning the
transformation of W (6 and 9) into P in the presence of
variable amounts of DABCO.


The experimental data clearly indicate that the rates of
formation of azo-coupling products (P) from Wheland
intermediate are increased by increasing the amounts of
the base. The dependence is linear and it may be
expressed by the Eqn. 1,


k ¼ ko þ kB ½B� (1)


where ko (s�1) refers to the spontaneous transformation
reaction ofW into 12H-17H salts, assisted by the solvent
or via an intramolecular base-catalysis, and kB
(s�1mol�1 dm3) is related to the proton abstraction
process from sp3 carbon of W by the base added as a
catalyst to afford 12–17 bases.


Table 3 reports the data obtained by Eqn. 1. A similar
behavior has been also observed when the counter ion of
the benzenediazonium salt (and, consequently, of W) is
the o-benzenedisulfonylimidate instead of tetrafluorobo-
rate (entry 10 of Table 3).
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Table 1. Rate of reaction of complex 6R at 20 8C, in CH3CN and in the presence of variable amounts of DABCO.
[1]o¼5.3� 10�5 mol dm�3, [3]o¼5.1� 10�5 mol dm�3


[DABCO]� 105mol dm�3 3.32 4.16 4.98 5.82 6.65 7.48 8.32 9.38
k (s�1)� 103 3.00 3.26 4.32 4.37 4.42 4.41 4.70 6.00
[DABCO]� 104mol dm�3 1.36 1.70 2.04 2.39 3.40 — — —
k (s�1)� 103 7.70 8.30 9.20 11.0 13.5 — — —


Table 2. Rate of reaction of complex 9R at 20 8C in CH3CN and in the presence of variable amounts of DABCO.
[2]o¼4.6� 10�5 mol dm�3, [3]o¼4.9� 10�5 mol dm�3


[DABCO]� 105mol dm�3 3.32 4.99 6.65 8.31 9.98 11.6 13.3
k (s�1)� 103 0.830 1.30 1.81 2.10 2.20 2.55 2.99
[DABCO]� 105mol dm�3 15.0 16.6 18.3 — — — —
k (s�1)� 102 3.15 3.92 4.65 — — — —


Table 3. ko and kB values (see text) for the transformation of Wheland complex 6R (unless otherwise indicated) into final
products, at 20 8C, in the presence of different added bases


Entry Amine pKa
a ko


b (s�1) kB
b (s�1mol�1 dm3) rc nd


1 Pyridine 12.33 (1.23� 0.05)� 10�4 0.150� 0.006 0.9950 8
2 Imidazole 14.20 (2.42� 0.2)� 10�4 3.32� 0.10 0.9970 8
3 Morpholine 16.61 (7.10� 1)� 10�4 14.6� 0.6 0.9970 6
4 DABCO 18.29 (2.10� 0.2)� 10�3 37.1� 1 0.9982 13
5 Triethylamine 18.70 (1.48� 0.05)� 10�3 40.7� 1 0.9982 5
6 Piperidine 18.92 (7.10� 0.7)� 10�4 54.0� 3.0 0.9932 6
7 Quinuclidine 19.51 (4.30� 1)� 10�4 133� 6 0.9951 7
8 Morpholinee 16.61 (6.27� 0.5)� 10�3 193� 5 0.9985 6
9 DABCOf 18.29 (1.68� 1)� 10�3 21.7� 1.0 0.9889 10
10 DABCOg 18.29 (1.76� 0.3)� 10�3 293� 14 0.9953 6


aData from References.10,11
b Errors are standard deviation.
c Correlation coefficient.
d Number of points.
eWheland complex 7R, obtained from 1,3,5-tris(N-piperidyl)benzene (1) and p-nitrobenzenediazonium tetrafluoroborate (4).
fWheland complex 9R obtained from 1,3,5-tris(N-morpholinyl)benzene (2) and p-methoxybenzenediazonium tetrafluoroborate (3).
gWheland complex, obtained from 1,3,5-tris(N-piperidyl)benzene (1) and p-methylbenzenediazonium o-benzenedisulfonylimidate (18).
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Generally, when the base catalysis is investigated (such
as in SNAr reactions) there are complications arising from
the fact that the intermediate is formed ‘‘in situ’’ in
non-known amount, and the kinetic equation takes into
account the possible return back to the starting materials
of the complex.


In contrast, the present study starts from solutions
containing known amount of W intermediate and k value
is a simple measurement of the formation of P fromW. kB
is a measure of the proton abstraction from sp3 carbon
atom by the nitrogen atom of the catalyst. ko is a measure
of the spontaneous re-aromatization process, without the
intervention of an external base; it should be independent
from the catalyst used and represents a less important
pathway.


Vice-versa, we have observed that the ko value ranges
from 1� 10�4 to 2� 10�3mol�1 dm3. We think that the
variations reported in Table 3 may depend on the high kB/
ko ratio, which is an indication that the formation of P is
almost wholly base-catalysed; it is well known that when
a straight line shows a very high slope, the true

Copyright # 2007 John Wiley & Sons, Ltd.

uncertainty of the intercept may be high even if the
statistical errors (calculated as standard deviation) are in
an acceptable range.


As expected, kB value (which is related to base
catalyzed processes) is dependent on the basicity of the
catalyst. For this reason, Table 3 reports also the pKa


values (in acetonitrile) of the used bases.
The dependence of kB value on pKa values obeys the


Brønsted relation12 (Eqn. 2) (in partial agreement with
previous reports of Zollinger13):


log10 kB ¼ bpKa þ C (2)


giving Eqn. 3 (r¼ 0.977).


log10 kB ¼ ð0:36 � 0:04Þ � pKa þ ð�4:93 � 0:60Þ
(3)


Linear and non-linear Brønsted equations have been
observed: in the present study, notwithstanding the
large pKa range (8 pKa units) examined and the structural
variability of the used amines, the linearity is more than
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acceptable. Even if the Brønsted analysis is only a plug in
the study of mechanistic problems, because the present
reaction is quite simple, it is reasonable to state that there
is a relevant base catalysis step which represents the
major pathway for the system in reaching P.


The use of Brønsted relationship, especially in solvents
different from water, has been criticized and questioned.
The measurement of the isotopic kinetic effect (KH/KD


ratio) could be a better tool to investigate the course of the
C—H bond breaking on the reaction coordinates.14


Base catalysis was reported to be operating in
azo-coupling reaction of citrazinic acid and
4-methoxybenzenediazonium chloride.15 In contrast,in
the 2,6-dihydroxypyridine/4-methoxybenzenediazonium
chloride system no evidence of base catalysis was
reported.16


Azo-coupling of N,N-dimethylaniline shows evidence
of self catalysis.17 Moreover, evidence of base catalysis in
reactions of naphthol derivatives and diazonium salts was
also reported.18


The use of 2 (the morpholinyl derivative) instead of 1
shows a small decrease of kB value (from 37 to 22 s�1, see
entries 4 and 9 of Table 3). This difference is minor and it
may be hardly explained because several parameters of
difficult evaluation can be operative (for instance,
difference in conformational structure, difference in
solvation, inductive electron-withdrawing effect of the
oxygen and the related difference in basic strengths).


More relevant difference is observed (more than one
order of magnitude) by changing Y from OCH3 (entry 3
of Table 3) to NO2 (entry 8). Even if the distance between
Y and the reaction center is quite large, the electron-
withdrawing resonance effect of the nitro group is
operating in enhancing the acidic character of the C—H
bond.

CONCLUSIONS


In conclusion, the data reported for the examined
electrophilic aromatic substitutions, are a clear indication
that theWheland intermediate is formed in a fast step, and
the rate determining step is the proton abstraction to
produce the re-aromatizated final compound; this
situation occurs because of the stability of the W
complexes.8 Obviously, these conclusions could not be
extended to the whole of the aromatic electrophilic
reactions. Anyway, it is important to emphasize that often
the experimental conditions of reaction, involving the
formation of the electrophilic reagents in the reaction
mixtures including bases, could mask the base catalysis
process. For this reason a ‘‘saturation’’ phenomenon can
occur and the importance of the C—H bond breaking in a
rate-determining step could be evidenced only from the
measurement of kinetic isotopic effect.


We can emphasize that the present reaction is
exceptionally suitable (owing the stability of W com-

Copyright # 2007 John Wiley & Sons, Ltd.

plexes) to give a simple and strong indication that the
C—H bond breaking can occur in a rate determining
re-aromatization step.

EXPERIMENTAL


General remarks


UV/Vis spectrophotometric data were recorded with a
Perkin-Elmer (model Lambda 12) spectrophotometer.


The compounds 1, 2, 6R, 7R, 9R, 12H, 13H, 15H, and
12, 13, 15 were prepared as reported in Reference 8,
compounds 3 and 4 are commercially available,
compound 18 was synthesized as reported.19


When solutions of 1 (or 2) in acetonitrile are mixed
with the diazonium salts 3–4 in equimolar amount, an
orange color immediately develops, related to the
formation of Wheland complexes 6R, 7R, and 9R, as
recently reported on the bases of 1H-NMR spectral data.8


Their formation may be considered instantaneous and
complete, as tested by measurements of the experimental
absorbance values obtained from mixtures of different
concentrations of 1 and 3. The observed absorbance
values are stable at 20 8C for 10–20 minutes. Thus, UV/
Vis spectral data confirm the observation obtained by
1H NMR data: the formation of s cationic complexes is a
fast process and the equilibrium reported in Scheme 1 is
completely shifted toward the right.


The spontaneous conversion of s cationic complexes
6R, 7R, and 9R into azo compounds 12H, 13H, and 15H
(or 12, 13, and 15) occurs in long reaction times: about
1–2 days to reaching the 50% of conversion. Our attempts
to realize direct measurements of ko at different
concentrations of 1 and 3 have furnished data unsatis-
factorily reproducible, in the range (1.4–5.4)104 s�1.
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sulfur radicals play the vital role in petroleum formation.1 Sulfur-
idant functions. Here we conduct a theoretical investigation of their


precursor-disulfides. By investigation into substituent effect on sulfur—sulfur bond dissociation enthalpies (S—S
BDEs), we would like to find the most effective provider for sulfur radicals. In the present work, 50 alpha-substituted
disulfides and 16 para-substituted aryl disulfides are studied systematically, with the general formula XS-SX or
HS-SX. The substituent effect on S—S BDEs is found to be very eminent, ranging from 33.2 to 75.0 kcal/mol for
alpha-substituted disulfide, and from 43.7 to 59.7 kcal/mol for para-substituted phenyl disulfides. We also evaluate the
performance of 44 density functional methods to get an accurate prediction. A further study indicates that substituents
play a major role in radical energies, instead of molecule energies, which is substantiated by the good linearity between
XS-SX bond dissociation enthalpy (BDE) and HS-SX BDE. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/

KEYWORDS: sulfur radical; bond dissociation enthalpies; density functional methods; substituent effect; Hammett


relationship

INTRODUCTION


Petroleum is mostly formed during burial in sedimentary
basin through partial decomposition of kerogen. The
understanding of its mechanism is critical for evaluating
the potential occurrences of petroleum. Experiments
show that the rate of formation depends on the
concentration of sulfur radicals in the initial stages.1


Furthermore, dimethylsulphide (DMS) becomes a star
molecule since it is ready to undergo scavenge process
and generate sulfur-containing radicals. Its antioxidant
function for DMSP and DMS in marine algae has been
discovered.2 As disulfides are very promising candidates
for the formation of sulfur radicals, a study of
sulfur—sulfur bond dissociation enthalpies (S—S BDEs)
can help understand whether and how these processes
take place.


The formation and breakage of sulfur—sulfur bond is
under increasing concern in biological studies such as
proteins, enzymes, and antibiotics. Disulfide bridge,3 the

to: Y. Fu, Department of Chemistry, University of
nology of China, Hefei 230026, China.
stc.edu.cn
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sulfur—sulfur bond in life, stabilize the tertiary structure
of proteins and play a key role in their biological
activities,4,5 such as the folding pathway,6 the coagulation
process7 and medical study.8,9 Since sulfur—sulfur bonds
are easy to break and form during these processes, the
study of disulfides become extremely important for
chemists and biologists. The activation of the heat shock
protein Hsp33, a very potent molecular chaperone, is
accompanied by the formation of two intramolecular
disulfide bonds;10 the PhS. moiety, formed from diphenyl
disulfide, could serve as an effective nucleophilic reagent,
which represents the conservation of atom economy.11


Besides, knowing the bond cleavage patterns in air-borne
sulfur-containing pollutants is very important for
environmental protection.12 However, the experimental
values are sparse because not all the S—S BDEs can be
measured accurately. Therefore it is very attractive to
develop some theoretical methods that can economically
and precisely predict S—S BDEs and discuss into its
scission capability.


The scission of the S—S bond in XS-SX molecules
could occur through three different pathways12: (1)
thermal bond dissociation, often taking place in
combustion processes, (2) photochemical dissociation,
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caused by an appropriate exciting wavelength, (3)
one-electron reduction, often involved in biological
systems. XS radical is obtained from the first two
processes, while the third pathway leads to radical anions.
The thermal bond dissociation process, which is observed
in combustions, receives the most concern and will be
investigated in this work. Also, through thermochemical
cycle, S—S BDEs calculated for the first pathway could
be used to accurately predict the electronegativity of the
S—S linkage13:


A B
EA(A - B)


A B


A + A +B B


High-level composite theoretical methods G314,
G3B3,15 and CBS-Q16 are able to give an excellent
prediction of BDEs within 2 kcal/mol,17–20 but they are so
expensive that they can only be used for systems
containing less than eight non-hydrogen atoms with
our current computational resources. Density functional
theory (DFT) methods are much cheaper, but different
performance is exhibited when dealing with different
systems. Fortunately, with the continuing development,
some DFTs could reach satisfactory results for calculat-
ing bond dissociation enthalpy (BDE) values in specific
systems.


As early as 1992, DFT was used to predict the S—S
BDE in CH3S—SCH3,


21 and different ab initio
approaches were used to obtain the bond dissociation
enthalpies of HS-SH system.12 However, since the
experimental values were often randomly chosen as
references for functional benchmarking, calculated S—S
BDEs varies in different studies according to the selection
of different theoretical approaches. What is more, only
some limited types of substituted disulfide have been
studied and few numbers of DFTs have been evaluated for
their performances in the study of S—S BDEs. As
new-generation DFTs have been developed and some of
them gave satisfactory results in specific systems,22–26 we
would like to assess their performance on the prediction
of S—S BDEs. In our present study, special attention is
paid upon the following two issues:

(1) D

Copy

ifferent DFT methods are compared in order to find
a method that is reasonably economical and accurate
for our study.

(2) U

sing the selected DFT method, S—S BDEs are
computed systematically, including some typical
alpha- and remote-substituted sulfur-containing mol-
ecules. Substituent effects are also studied and the
best candidate for sulfide radical production is pro-
posed accordingly.

right # 2007 John Wiley & Sons, Ltd.

METHOD


BDE is defined as the enthalpy change of the following
reaction in gas phase at 298.15K, 1 atm:


A� BðgÞ ! A�ðgÞ þ B�ðgÞ (1)


The enthalpy of each species can be calculated from the
following equation:


H298 ¼ E þ ZPEþ Htrans þ Hrot þ Hvib þ RT (2)


where ZPE is the zero point energy; Htrans, Hrot, and Hvib


are the standard temperature correction term calculated
with the equilibrium statistical mechanics with harmonic
oscillator and rigid rotor approximations.


All the calculations were conducted using Gaussian 03
packages.27 Calculations on radicals were performed
either with a restricted open-shell reference wave
function, denoted with an ‘RO’ prefix, or with a
unrestricted-open-shell wave function, with a ‘U’ prefix.
To obtain the global minimum structure, the conformation
search by Macromodel28 was used. We tried to use
different DFTs in geometry optimization and found that
the optimal structures are extremely similar and BDEs
are only connected with single-point calculations, which
is in accordance with previous study. For that reason,
geometry optimizations were conducted using the
(U)B3LYP/6-31þG(d) method. Each optimized structure
was confirmed by the frequency calculation at the
(U)B3LYP/6-31þG(d) level to rule out any imaginary
vibration frequency. Single point energies were then
calculated with the 6-311þþG(2df, 2p) basis-set. The
calculated BDEs in 298.15K, 1 atm were corrected with
(U)B3LYP/6-31þG(d) thermal correction to enthalpy
(TCE) values. An optimized scaling factor29 for B3LYP
(0.9806) was used.


As for DFTs, Henry et al.30 pointed out that, intriguing
differences in BDEs exist between ROB3LYP and
(U)B3LYP in the correlation to spin contamination.
Therefore, both RODFT and UDFT single-point-energies
were examined in our study. We found that ROMP2/
6-311þþG(2df, p) single-point energies on (U)B3LYP/
6-31G(d) geometries perform well in predicting radical
stabilization energies (RSEs),31,32 so we also tried the
ROMP2 method as a comparison.


Trying to figure out which DFT is most proper for
accurate prediction of the S—S BDEs, and to further
examine the performance of new generation DFTs, some
typical first, second, and third generation functions
were used. These include B3LYP33,34, B3P8635,
B3PW9136, BHandH,37 and BHandHLYP,34,37


mPWPW91,38 PBEPBE and PBE1PBE,39 B97-1,40


B97-2,41 B98,42 MPW1B95,43 MPWB1K,43 modified
Perdew-Wang 1-parameter model for kinetics (MPW1K),44


MPW3LYP,43 MPWKCIS1K,45 TPSSTPSS,46 TPSS1-
KCIS,47 PBE1KCIS,48 O3LYP,49,50 X3LYP,51 and Boese-
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Martin for kinetics (BMK)52. Some of the new-generation
DFTs are listed as follows:

BMK


The BMKmethod, using an enlarged version of the HCTH/
407 set53 as the training set, has an accuracy in the 2 kcal/
mol range for transition state barriers but, unlike previous
attempts at such a functional, this improved accuracy does
not come at the expense of equilibrium properties. The
exchange-correlation energy is defined as follows:


EXC ¼ EX; l þ EX; n�l þ EC þ aEHF


where a is defined as the mixing coefficient.

MPW1K


The MPW1K method is a hybrid Hartree-Fock density
functional (HF-DF), aiming at reducing the mean
unsigned error in reaction barrier heights. The one-
parameter hybrid Fock-Kohn-Sham operator can be
written as follows:


F ¼ FH þ XFHFE þ ð1� XÞðFSE þ FGCEÞ þ FC


Where X¼ 0.428, which minimizes the root-mean-
square error of the 60 data in the database.44

MPW1B95, MPWB1K, and MPW3LYP


The MPW1B95 and MPWB1K methods are both hybrid
meta DFTs (HMDFT).54 The one-parameter hybrid
Fock-Kohn-Sham operator can be written as follows:


F ¼ FH þ ðX=100ÞFHFE þ ½1� ðX=100Þ�ðFSE þ FGCEÞ
þFCor


In the MPW1B95 and MPWB1K models, Adamo and
Barone’s38 mPW exchange functional is used for FGCE


and the Becke95 functional55 for FCor. MPW1B95 is
optimized against the AE656 representative atomization
energy database, which is constructed for general-
purpose applications in thermochemistry, while
MPWB1K was optimized against the Kinetics957


database. Thus the parameter X for MPW1B95 and
MPWB1K are 31 and 44, respectively. The MPW3LYP
method was constructed using the three parameters in
X3LYPwith the mPWexchange functional substituted for
the X exchange functional.

O3LYP


The O3LYP method uses the exchange functional
(OPTX) developed by Handy and Cohen58. The

Copyright # 2007 John Wiley & Sons, Ltd.

O3LYP functional is defined by the following equation49:


O3LYP ¼a � HFXþ b � LDAXþ c � DOPTX
þ 0:19 � VWNþ 0:81 � LYP


The final results for the parameters a, b, c are 0.1661,
0.9261, and 0.8133, respectively, using the HCTH/407
set.53 Compared to B3LYP, O3LYP has a reduced
HF-exchange contribution, a larger coefficient multiply-
ing OPTX compared to B88, and a different local
correlation functional, VWN5 compared to VWN.

PBE1KCIS


The PBE1KCIS is a new hybrid meta GGAmethod. It has
one parameter X(22), the percentage of Hartree-Fock
exchange, which was optimized against the AE656


database.

TPSS1KCIS


The TPSS1KCIS uses TPSS46 as the exchange and
KCIS59,60 correlation. TPSS1KCIS was optimized
against the root mean square error (RMSE) for the
MGAE109/04 Database.47

X3LYP


The X3LYP method is constructed for general-purpose
applications in thermochemistry. It is formulated follow-
ing the form of the B3LYP functional:


EX3LYP
xc ¼ ax0E


exact
X þ ð1� ax0ÞESlater


x


þ axDE
extended
x þ acE


VWN
c þ ð1� acÞELYP


c


The extended exchange functional was proposed as
follows:


FXðsÞ ¼ 1þ ax1ðFB88ðsÞ � 1Þ þ ax2ðFPW91ðsÞ � 1Þ


The final results for the parameters ax0, ax, ac are 0.218,
0.709, 0.129; ax1, ax2 are 0.764457, 0.235543, respect-
ively.

RESULTS AND DISCUSSION


Performance of various density
functional methods


Before we calculate the S—S BDEs for substituted
disulfides, it is important to ascertain that we can
accurately predict them. Thus 44 DFTs (22 UDFTs and
their corresponding RODFTs), including some ‘new-
generation’ DFTs, were used to calculate the single-point
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Table 1. Comparison between UBMK and other theoretical methods (298.15 K, 1 atm, kcal/mol)


Molecules Expa CBS-Qa G3a G3B3a ROMP2a UBMKb UB3LYPb


HS-SH 64.7 64.3(�0.4) 61.6(�3.1) 61.6(�3.1) 66.2(1.5) 65.5(0.8) 58.8(�5.9)
MeS-SMe 64.0 64.8(0.8) 63.1(�0.9) 62.3(�1.7) 67.1(3.1) 62.9(�1.1) 55.5(�8.5)
PhS-SPh 51.2 — — — 58.2(7.0) 48.3(�2.9) 39.3(�11.9)
HS-SSH 50.0 52.8(2.8) 50.9(0.9) 50.7(0.7) 55.6(5.6) 53.2(3.2) 45.9(�4.1)
MeS-SH 65.0 64.7(�0.3) 62.4(�2.6) 62.0(�3.0) 66.8(1.8) 64.4(�0.6) 57.4(�7.6)
EtS-SEt 66.1 66.2(0.1) 64.9(�1.2) 64.0(�2.1) 69.2(3.1) 63.8(�2.3) 55.6(�10.5)
MeS-SSH 54.0 53.9(�0.1) 52.6(�1.4)) 52.0(�2.0)) 57.0(3.0) 53.5(�0.5) 45.6(�8.4)
MADc — 0.5 �1.4 �1.9 3.6 1.6 8.2
SDc — 1.2 1.9 2.3 4.0 1.9 8.5
MDc — 0.8 1.7 1.4 1.9 �0.5 �8.2


a Taken from Referrence 20.
b Single-point energy calculations with the 6-311þþG(2df, 2p) basis set on (U)B3LYP/6-31þG(d) geometries and frequencies.
cMean absolute deviation (MAD), mean deviation (MD), and standard deviation (SD) from experimental values.
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energy using a relatively large basis set 6�311þþG(2df,
2p). Seven experimental values verified by high-level
ab initiomethods in our previous work20 were selected as
references to evaluate DFTs. Results of the widely used
B3LYP and MP2 are also listed for comparison. We can
see from Table 1 that UBMK give prediction almost as
accurate as the composite methods, which is much better
than the widely used UB3LYP method. Comparison of
these DFTs in terms of mean absolute deviation (MAD),
mean deviation (MD), and standard deviation (SD) is
shown in Table 2.


As positive and negative errors could cancel out in MD
calculations, MD values could be used to evaluate

Table 2. Comparison between various DFTsa (298.15 K, 1 atm,


UDFT MADb MDb SDb


BMK 1.6 �0.5 1.9
PBEPBE 2.1 �0.4 2.6
MPW1B95 2.1 �1.4 2.5
MPWB1K 2.5 �2.3 2.9
BHandH 2.6 2.6 3.1
PBE1KCIS 2.7 �2.4 3.2
mPWPW91 2.9 �2.2 3.5
B97-1 3.0 �2.6 3.5
B3P86 3.0 �2.8 3.6
PBE1PBE 3.1 �3.0 3.6
B97-2 3.8 �3.8 4.6
B98 4.1 �4.1 4.8
TPSSTPSS 4.3 �4.3 5.0
TPSS1KCIS 4.5 �4.5 5.1
B3PW91 4.9 �4.9 5.4
MPWKCIS1K 5.1 �5.1 5.5
MPW1K 6.1 �6.1 6.4
MPW3LYP 7.0 �7.0 7.4
O3LYP 7.2 �7.2 7.7
X3LYP 7.7 �7.7 8.0
B3LYP 8.2 �8.2 8.5
MP2 9.0 8.7 19.7
BHandHLYP 11.7 �11.7 11.9


a Single-point energy calculations with the 6-311þþG(2df, 2p) basis set on (U)B
bMean absolute deviation (MAD), mean deviation (MD), and standard deviation
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whether or not systematic deviation exists. DFTs with
small MD (absolute value) could be used to calculate
absolute BDEs, while those with large MD could only
give relative BDEs. Sometimes even relative BDEs could
not be obtained correctly.61 MD values are generally
negative for these DFTs, as shown by Zhao et al.,62


especially for the widely used B3LYP and other DFTs
with the LYP correlation function, which means they tend
to underestimate BDEs. ROMPWB1K, ROBMK, and
ROPBEPBE overestimate the BDEs, but the deviation
appears to be insignificant (less than 1.5 kcal/mol), while
BHandH is the only exception which systematically
overestimates BDEs for both restrict or unrestricted wave

kcal/mol)


RODFT MADb MDb SDb


MPWB1K 1.3 0.1 1.6
BMK 1.5 1.3 2.1
PBE1PBE 1.6 �0.2 1.9
MPW1B95 1.6 0.5 1.9
MP2 1.8 0.8 2.3
PBE1KCIS 1.8 �0.3 2.1
B3P86 1.8 �0.4 2.2
B97-1 1.9 �0.5 2.3
mPWPW91 2.3 �0.4 2.7
B97-2 2.4 �1.5 2.8
PBEPBE 2.5 1.4 3.0
MPWKCIS1K 2.5 �2.1 2.8
B98 2.5 �1.9 3.0
TPSS1KCIS 2.6 �2.1 3.2
TPSSTPSS 2.7 �2.0 3.3
MPW1K 2.7 �2.4 3.0
B3PW91 2.8 �2.5 3.3
MPW3LYP 4.9 �4.9 5.4
O3LYP 5.0 �5.0 5.7
X3LYP 5.5 �5.5 5.9
BHandH 5.5 5.5 5.7
B3LYP 6.0 �6.0 6.5
BHandHLYP 8.2 �8.2 8.4


3LYP/6-31þG(d) geometries and frequencies.
(SD) from experimental values.
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Figure 1. Relationship between bond length and molecular
energy
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functionals. This may attribute to the large portion of HF
exchange it incorporated (50%).


Compared with MD, MAD is more reliable for the
evaluation of different methods, as the positive errors are
not compensated by negative errors. The SD reveals the
scattering of the values. Both of them have been
employed for evaluation, but for evaluation of DFTs
MAD seems to be a better standard, since SD magnify
large errors, which may affect the representative of the
training set.


It is interesting to discover that DFTs designed for
kinetic purpose outperform DFTs designed for thermo-
chemistry. We may attribute this phenomenon to the
special role of radicals: they usually act as intermediates
in chemical reactions, and the dissociation procedure may
be treated as a transitional state, as illustrated in Figure 1.
Therefore BDE calculation is more similar to the
estimation of activation energy, so kinetic DFTs are
usually better choice.


An alternative explanation for this observation (thanks
to the reviewer) is that newer methods with larger
proportion of exact exchange tend to give better results.
Previous study61 suggests that the errors in the relative
BDEs were smallest for methods such as BMK and
KMLYP that included the largest proportion of HF
exchange, larger for those methods such as B3LYP that
included a smaller proportion of HF exchange and largest
for the pure DFT methods such as BLYP. Similar result is
obtained in the present study, but the performance is also
greatly affected by the exchange functional. UDFT with
MPW or PBE exchange functional take up three places
among the top four in performance (the only exception is
BMK), and the same trend is seen in RODFT.


It is a long-standing controversial problem that whether
restricted or unrestricted wave functions should be used
for open-shell radicals. In the present work, RODFTs
generally outperform UDFTs in the prediction of S—S
BDEs. However, RODFTs bring in additional restrictions
to open-shell wave functions, which is logically

Copyright # 2007 John Wiley & Sons, Ltd.

unfeasible as Pople63 mentioned64. Moreover, RODFTs
generally require more CPU time because of the difficulty
in SCF convergence. So here we chose UDFTs for our
calculation.


Among all these DFTs, ROMPWB1K gave the least
MAD (1.3 kcal/mol), followed by ROBMK and UBMK.
BMK is the only one that appears to work well with
both restricted and unrestricted open-shell wave func-
tions. This proves the validity of the BMK function,
probably because of the well-chosen functional form
and training set.65 Although the most accurate
ROMPWB1K has the least MAD and SD values, it is
only slightly better than the UBMK method at the cost of
much more computational time. What is more, with the
same optimized geometry, SCF convergence problems,
which take place more often for RODFTs than UDFTs,
occur more frequently in the single-point calculation by
ROMPWB1K. As a result, we recommend the (U)BMK/
6-311þþG(2df, 2p)//(U)B3LYP/6-31þG(d) level for the
prediction of S—S BDEs.

Bond dissociation enthalpies


With a reliable method in hand, we try to systematically
express the substituent effects on disulfides. To examine
the steric repulsion effects and the electronic properties of
substituents, S—S BDEs of XS-SX and HS-SX were
compared. For molecules with general formula HS-SX,
the steric repulsion can be ignored as the covalent radii of
H are as small as 30 pm. Then the a-substituted disulfides
with various types of electron demand can be divided into
the following categories (Table 3):

(1) l

one-pair-donor group: F, Cl, SH, OH, OCH3,
N(CH3)2;

(2) p

-acceptor group: C�CH, CH——CH2, CH——CH
—CH3, C6H5, CHO, COCH3, CSNH2, furyl, pyridi-
nyl, thienyl;

(3) h

yperconjugating group: CH3, CH2CH3, i-Pr, t-Bu,
i-Bu, and CF3.

Among these a-substituted disulfides, S—S BDE of
a heterocycle-containing molecule, 1,2-di(furan-2-yl)
disulfane, is found to be the smallest (33.2 kcal/mol),
which demonstrates its great potential as a sulfur-radical
provider. Another possible candidate is N1,N1,N2,
N2-tetramethyldisulfane-1,2-diamine, whose BDE is
34.7 kcal/mol, just 1.5 kcal/mol higher than that of
1,2-di(furan-2-yl)disulfane, but this one is simpler and
the increase in BDE could be partly compensated by the
uncertainty of the theoretical method.


In addition to these simple a-substituted disulfides,
aromatic disulfides are of great interest in modern science,
especially in polymers11,66–71. Thiophenoxy radicals have
gained special attention because they can help in under-
standing the chemistry of the related phenoxy radicals,
which are well known for their antioxidant activities,72
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Table 3. S–S BDEs of various a-substituted disulfidesa


(298.15 K, 1 atm, kcal/mol)


X HS-SX XS-SX


–H 65.5 65.5
–CH3 64.4 62.9
–C2H5 64.9 63.8
–i-Pr 65.7 63.9
–i-Bu 64.5 61.4
–t-Bu 66.2 64.5
–CF3 67.7 67.6
–F 68.7 75.0
–Cl 62.9 60.8
–SH 53.2 41.1
–OH 61.0 57.9
–OCH3 60.6 56.7
–N(CH3)2 52.3 34.7
–C——CH 52.0 38.1
–CH¼CH2 64.8 64.9
–CH¼CH–CH3 55.6 45.3
–Ph 56.7 48.3
–CHO 67.1 67.4
–COCH3 64.7 63.7
–CSNH2 56.3 46.2


O
49.4 33.2


O 54.3 43.1


N
60.9 56.1


N
65.4 58.9


S
51.2 37.8


S 54.9 44.7


a Single-point energy calculations with (U)BMK/6-311þþG(2df, 2p) basis
set on (U)B3LYP/6-31þG(d) geometries and frequencies.


Table 4. S–S BDEs of various remote-substituted disulfidesa


(298.15 K, 1 atm, kcal/mol)


Substituent BDEHS-SPhX BDEXPhS-SPhX


H 56.7 48.3
CH3 56.0 46.6
OCH3 54.6 43.7
F 56.1 47.2
Cl 56.4 47.8
NO2 59.7 53.2
NH2 53.0 40.5
CN 58.7 51.6
OH 54.7 44.3


a Single-point energy calculations with (U)BMK/6-311þþG(2df, 2p) basis
set on (U)B3LYP/6-31þG(d) geometries and frequencies.
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which is recently studied by Chandra and colleagues.73


Diphenyl disulfide could serve as organic intermediates;
4,40-disulfanediyldibenzenamine is an important com-
pound for resin additives and organic intermediates;
1,2-bis(4-chlorophenyl) disulfane could be used as inter-
mediate for pharmaceuticals and agrochemicals. These
compounds could be found in Sumitomo Sekia Chemicals
Database.


To study the remote substituent effects on S—S BDEs
in aromatic disulfides, eight molecules with representa-
tive substituents on benzene ring were selected. The
calculated S—S BDEs are shown in Table 4. We can
find amongst these species, the S—S BDE of 4,40-
disulfanediyldianiline is the smallest, which indicates its
great potential for aromatic sulfur-radical production in
medical and biological processes.

Copyright # 2007 John Wiley & Sons, Ltd.

a-substituent effects on S—S BDEs


As illustrated in Figure1, a-substitutents have a two-tier
impact on S—S BDEs: both stabilization and destabiliza-
tion effect on either neutral molecules or radicals will
influence the results. Specifically, these effects include:
steric effect, Induction effect, conjugation effect, hyper-
conjugation effect, and isomerization.


Steric effect. This effect is caused by either steric
hindrance between two substituents in XS-SX, or the
repulsion between the lone electron pairs in sulfur atoms.
The latter is evident because of the large span of electron
clouds of sulfur. For example, the optimized dihedral
angle of H—S—S—H is 90.8 degrees, much less than the
H—O—O—H dihedral angle (118.2 degrees). Such
effect mainly contributes to the destabilization of neutral
molecules.


Induction effect. The electron donating or withdraw-
ing properties of substituents will result in an increase or
decrease in bond length and the opposite change in BDE.
This effect will affect both neutral molecules and radicals,
which often counteracts with each other. For that reason,
it is not as noticeable in some cases.


Conjugation effect. Two kinds of conjugation effect
may exist in this system, p-p conjugate and p-d feedback
conjugate. The first condition plays vital roles in aromatic
and unsaturated disulfides, and the second one can be
found in Cl—S., HS—S., etc. Conjugation effects will
stabilize the radicals greatly, but they may not be as
important in neutral molecules. Therefore the net effect is
the decrease of BDEs, which can be reflected clearly in
our results.


Hyperconjugation effect. This effect plays a part in
the S—S BDEs for a-alkyl disulfide when other effects
are not significant, but hyperconjugation effect here in
neutral molecules and radicals is not as important as in the
stabilization of carbocations.
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Isomerization. As sulfur can form either two or four
valence bonds, and because of its bulky size, it is possible
that S—S is polarized, especially in unsymmetrical
disulfides, which in turn causes a decrease of BDE with
increasing alkylation, as discussed by Izgorodina et al.61


These general rules can be applied to the explanation of
BDEs of specific groups of compounds, as discussed in
the following text.


For alkyl groups, S—S BDEs generally fall into a
narrow range between 61 and 67 kcal/mol, and the
relationship between BDEs and alkyl chains is random-
like. This result supports our hypothesis that hypercon-
jugation effects are not very significant in this system. An
interesting point worth mentioning is that substituent CF3
also possesses hyperconjugation effect in that the p
orbitals of fluorine atom are able to overlap with radical
orbital. However, its strong electron-withdrawing ability
may destabilize the radicals, and thus raise the S—SBDE.
This increase is strangely very small (about 2 kcal/mol),
which will be discussed below.


For strong electron-withdrawing groups, they will
simultaneously destabilize neutral molecules and
radicals, and increase the energy levels of both sides.
Therefore, BDEs may not significantly change in spite of
large electron-withdrawing ability. The most proper
example for this hypothesis is CF3. As mentioned above,
BDE of bi-substituted molecule is even less than
mono-substituted one, which cannot be explained by
the common notion that more electron-withdrawing
groups will further destabilize the radicals and thus
increase the BDEs greater.


For p-acceptor groups, that is, aromatic rings, double
or triple bonds, decreases in BDE generally occur, which
reflected the stabilization of radicals with p-electron
delocalization. It is also interesting to note that in
substituted aromatic rings or heterocycles, the variances
of BDEs between different substituted places are quite
eminent because of remote effects.

Table 5. DBDEs of various a-substituted disulfidesa (298.15 K, 1


Hyperconjugate group
Me Et i-Pr t-


Usym �1.09 �0.61 0.20 �
Sym �2.65 �1.75 �1.65 �


Lone-pair-donor group
F Cl SH O


Unsym 3.15 �2.66 �12.34 �
Sym 9.52 �4.73 �24.41 �


p-acceptor group: double bonds and triple bonds
CHO (C¼S)NH2 COCH3 C——


Unsym 1.54 �9.26 �0.85 �1
Sym 1.83 �19.31 �1.85 �2


p-acceptor group: aromatic rings
Ph 2-Furyl 3-Furyl 4-Py


Unsym �8.84 �16.14 �11.26 �
Sym �17.18 �32.33 �22.46 �


aDBDE¼BDE–BDEHS-SH (65.5 kcal/mol).
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To compare the substituent effects, relative BDEs
(DBDEs) calculated from the following equations is used,
which are listed in Table 5:


DBDEHS�SX ¼ BDEHS�SX � BDEHS�SH


DBDEXS�SX ¼ BDEXS�SX � BDEHS�SH


To minimize the steric repulsion between two
substituents, we compared the S—S bond dissociation
process of the two kinds of molecules as follows:


HS� SXðgÞ ! HS�ðgÞ þ XS�ðgÞ


XS� SXðgÞ ! XS�ðgÞ þ XS�ðgÞ


We can see that the radical stabilization effect (RE) for
XS-SX is twice as high as that of HS-SX, a linear
relationship is drawn between the two sets of data to find
whether ground effect (GE) was significant. The result
was shown in Fig. 2. It can be seen that the linear
relationship was very good for them, with the correlation
factor r¼ 0.99, implying RE is additive. However, the
intercept Awas�0.58, reflecting that the GE could not be
ignored, but appears to be insignificant compared to RE.
Their correlation can be described as:


DBDEXS�SX ¼ 2DBDEHS�SX � 0:58


The greatest deviation from the equation is shown in F
(DBDEHS-SX¼ 3.15,DBDEXS-SX¼ 9.52), NMe2 (�13.18
and �30.82), 2-pyridinyl (�0.12, �6.65).

Remote substituent effects on S—S BDEs


To figure out the remote substituent effects, two questions
should be solved in the first place. First, does the S—S
BDE obey the Hammett equation?74–77 Second, whether
or not this effect could be additive? Therefore, we
performed calculation on eight substituents (X) on both

atm, kcal/mol)


Bu i-Bu CF3
1.04 0.72 2.15
4.09 �0.99 2.08


H OCH3 NMe2
4.55 �4.89 �13.18
7.58 �8.82 �30.82


CH CH¼CH2 CH¼CH–CH3


3.52 �0.77 �9.92
7.45 �0.63 �20.22


ridinyl 2-Pyridinyl 2-Thienyl 3-Thienyl
4.58 �0.12 �14.34 �10.57
9.41 �6.65 �27.75 �20.86
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Figure 2. Linear-relationship between BDEHS-SX and
BDEXS-SX for a-substituted disulfides. This figure is available
in color online at www.interscience.wiley.com/journal/poc
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XPhS-SPhX and HS-SPhX BDEs with the same UBMK
method, and the results are listed in Table 6.


A Hammett regression between DBDE and substituent
constants sþP was conducted to examine the remote
substituent effect, as illustrated in Fig. 3.


We examined the remote substituent effect on S—S
BDE with the following Hammett equation:


DBDE ¼ rþsþ
P þ Const (3)


Linear regression shows:


DBDEX�PhS�SH ¼ 4:30sþ
P � 0:68 ðr ¼ 0:981Þ


DBDEX�PhS�SPh�X ¼ 8:12sþ
P � 1:74 ðr ¼ 0:982Þ:


According to these results, remote substituent effects
on para-substituted phenyl disulfides agreed well with
the Hammett equation. A positive rþ value indicates
that substitution of an electron-donating group decreases
the S—S BDEs, while an electron-withdrawing group
is thermodynamically not preferable for the bond
dissociation process. In addition, the rþ value of
X-PhS-SPh-X is almost twice as much as that of

Table 6. Remote substituent effects of para-substituent phenol-


X sþP RE GEu


H 0.00 0.00 0.00
CH3 �0.17 1.06 0.35
OCH3 �0.27 2.74 0.66
F 0.06 0.30 �0.28
Cl 0.23 �0.14 �0.47
NO2 0.78 �2.54 0.52
NH2 �0.66 4.87 1.17
CN 0.66 �1.79 0.21
OH �0.37 2.42 0.46


a Compared to BDEHS-SPh¼ 56.7 kcal/mol.
b Compared to BDEPhS-SPh¼ 48.3 kcal/mol.
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X-PhS-SH. Therefore it is logical to draw the conclusion
that the electronic effect is additive. These results are
generally in accordance with a-substituent effects.


To further understand the origin of the substituent
effect, we separate it into two parts: the GE and radical
effect (RE). GE reflects the influence of separating remote
substituent (X) from neutral molecules, while RE reflects
the influence of separating remote substituent (X) from
the radical center (C6H5—S.), as show in Equations
(4)–(6). GE and RE are calculated for each type of bond
dissociation using the UBMKmethod.We also conducted
Hammett regression for every GE and RE against
substituent constants (sþP ). The results are shown in
Fig. 4 and Table 6.


ðGEuÞX� C6H4 � S� SHþ C6H6


! X� C6H5 þ C6H5 � S� SH (4)


ðGEsÞX� C6H4 � S� S� C6H4 � Xþ 2C6H6


! 2X� C6H5 þ C6H5 � S� S� C6H5 (5)


ðREÞX� C6H4 � S� þ C6H6


! X� C6H5 þ C6H5 � S� (6)


Figure 4 indicates that RE decreases sharply with the
increase of the Hammett constant sþP with good linearity.
This result confirms our preliminary assumption,
because S. is an electron-deficient center in radicals,
which will be destabilized by the introduction of
electron-withdrawing groups, and thus lead to a decrease
in RE. On the other hand, the substituent effect on GE is
complicated. As sþP increased, GE decreases at first,
reaches its minimum and then increases again. This
unusual trend was shown in either symmetrically
substituted molecules (GEs in Fig. 4) or unsymmetrically
substituted molecules (GEu in Fig. 4). Nevertheless, the
fluctuation is minor within the limits of error of DFTs, and
thus the GE values appear to be relatively insensitive to
the substituents.


By comparing the slope (rþ) of GE and RE, we can see
that GE is not as significant as RE on S—S BDEs. This

disulfides


GEs DBDEHS-SPhX
a DBDEXPhS-SPhX


b


0.00 0.00 0.00
0.43 �0.72 �1.70
0.83 �2.08 �4.65


�0.49 �0.58 �1.09
�0.80 �0.33 �0.52
�0.26 3.06 4.83
1.86 �3.70 �7.87


�0.35 2.00 3.23
0.77 �1.96 �4.07
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Figure 3. Remote substituent effects with Hammett
relationship. This figure is available in color online at
www.interscience.wiley.com/journal/poc


Figure 4. Ground-state effect (GE) and radical-state
effect (RE). This figure is available in color online at www.
interscience.wiley.com/journal/poc
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explains why the substituent effects on symmetrically
substituted molecules are almost twice as high as their
unsymmetrical counterparts, since their RE is twice as
high.

CONCLUSIONS


In the present study, we examined the performance of a
variety of RODFTs and UDFTs, including several newly
developed procedures in the prediction of S—S BDEs,
and from these results UBMK appears to be a reasonably
accurate and economical theoretical procedure. With
this UBMK method in hand, we conducted systematic
study on alpha and remote substituent effects on S—S
BDEs. N1,N1,N2,N2-tetramethyldisulfane-1,2-diamine,
1,2-di(furan-2-yl)disulfane and 4,40-disulfanediyldianiline
are found to be the most effective providers for
sulfur-centered radical. Subsequent study with molecules
having the general formula HS-SX and XS-SX is
conducted to rule out steric repulsion between sub-
stituents and to investigate into the whether the
substituent effect is evident on radicals or molecules.
Prominent and additive substituent effect is found, which
means that stabilization of radicals plays the major part in
the remote substituent effect. Results from Hammet-
t-regression in remote-substituted molecules give further
support to this conclusion.

SUPPORTING INFORMATION


The result of DFT reevaluation using larger basis set MG3
on sulfur is listed in Table S1. Calculated single-point
energies of radicals and molecules with different DFTs
are shown in Table S2-4. Calculated BDEs with corrected
TCE are given in Table S5 and S6. Optimized Structures
for molecules and radicals are given in Table S7–S11.
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alidated for organosulfur compounds using experimental data for gas
(PA) and heterolytic bond dissociation enthalpies (HBDEs). From


enthalpies of chloride anion transfers from neutral chlorides to acyl, sulfonyl or cumyl cations in the gas phase, it is
calculated that (i) similar aromatic substituent effects are expected for heterolyses of acyl, sulfonyl and cumyl
chlorides; (ii) HBDEs for loss of chloride increase by over 70 kcalmol�1 from 4-MeOC6H4COCl to SO2Cl2. Rate
constants for solvolyses of 4-Z-substituted arenesulfonyl chlorides (Z¼OMe, Me, H, Cl, NO2) in 97% w/w
2,2,2-trifluoroethanol (TFE)–water are reported. Substituent effects are smaller than observed for identical solvolyses
of acyl and cumyl chlorides, and are much smaller than those predicted theoretically for gas phase unimolecular
heterolysis (explained by variable amounts of nucleophilic solvent assistance). Copyright# 2007 John Wiley & Sons,
Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/.
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INTRODUCTION


Useful insights into the mechanisms of organic reactions
involving ions can be achieved by comparing reactivity in
solution with reactions in the gas phase, for example for
acidity and basicity.1 In ‘highly non-solvating media’
(e.g. sulphuric acid), the m� values used to obtain
equilibrium constants by the excess acidity method can be
related to gas phase basicities.1b Rates of SN1 solvolyses
of bridgehead substrates2a and of bicyclic secondary
substrates2b lead to cationic intermediates, and the
energetics correlate well with MO theory and with
intrinsic gas phase stabilities of carbocations, obtained by
dissociation of protonated alcohols, bromides and
chlorides.2 Less sterically hindered secondary substrates
react faster than expected from the correlations,2b and
reactions in weakly nucleophilic media (e.g. fluorinated
alcohols3a) more closely parallel gas phase reactivity.
These2b,3a and similar results3b,3c allow insights into
reactions in more nucleophilic aqueous media, providing

to: Dr T. W. Bentley, Department of Chemistry,
ales, Swansea, Singleton Park, Swansea SA2 8PP,
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evidence for rate enhancements due to nucleophilic
solvation effects.2b,3


Substituent effects in benzylic substrates have been
investigated extensively in solution, in the gas phase and
theoretically,4 but few comparisons have been made
between reactions of aromatic acylium or sulfonylium
cations (ArCOþ and ArSOþ


2 ) in solution and in the gas
phase, partly because relatively few reliable experimental
data are available. Substituent effects on the rates of
solvolyses of aromatic acyl chlorides (1) in 97% w/w
2,2,2-trifluoroethanol (TFE)–water were initially com-
pared5 with those for solvolyses of 4-substituted cumyl
chlorides (2, the basis of sþ values6), and also with those
observed experimentally in mass spectrometry from the
appearance potentials of acylium ions from acetophe-
nones. Recent calculations for acylium ions using
Hartree–Fock (HF)7 or density functional theory
(DFT)8 both show larger substituent effects, indicating
that the mass spectrometric data include substantial
systematic errors.


Previous studies of reactions of arenesulfonyl chlorides
have focussed on electron rich substrates,9 including
solvolyses in TFE,9a,9c to try to increase the prospects for
a cationic reaction pathway.We now report solvolysis rate
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constants for a range of 4-Z-substituted arenesulfonyl
chlorides (3) in 97% w/w TFE, and compare the results
with solvolyses of carboxylic acid (acyl) chlorides, and
with theoretical calculations for cumyl, acylium and
sulfonyl cations.


Sulfonyl chlorides are important reagents in organic
chemistry, but relatively few thermochemical data
are available for chlorides and other sulfonic acid
derivatives.10 A few experimental data are available for
formation of sulfonyl cations by heterolytic bond
dissociation11 and by protonation of compounds contain-
ing S——O bonds;12,13 these can be used to validate
suitable theoretical methods. Calculations of substituent
effects then gave enthalpies of formation of a range of
sulfonyl chlorides, and also of heterolytic chloride bond
dissociation enthalpies (HBDE).

Table 1. Validation of G3 calculations (gas phase) for
enthalpies of reactions (DHR, kcalmol�1) at 298K for orga-
nosulfur compounds (SIV and SVI)


Reaction
DHR


(expt)a
DHR


(calc.)b

RESULTS


Selection of theoretical methods and
procedures


Recent calculations on aromatic acylium ions using two
completely different types of lower level calculation, HF/
6-31G(d)7,14 and B3LYP/6-31G(d),8,14 gave satisfactory
agreement for substituent effects. These same two low
level methods were also selected for sulfonyl cations, but
calculations were supplemented using a much higher
level of theory (G3)15 as a reference point to establish the
energetics of reactions for sulfonyl compounds in the gas
phase for a selected number of small molecules.


G3 theory has been shown to give reliable thermo-
chemical data for many properties,15 and a large data base
of results is being assembled.16 We also knew14 that for
chloride ion transfer between two dissimilar cations
(t-butyl and acetyl, Scheme 1), G3 calculations17


correctly predicted a thermoneutral reaction (consistent
with similar solvolysis mechanisms),18 whereas the
discrepancies in HF/6-31G(d) and B3LYP/6-31G(d)
calculations were 4 and 9 kcalmol�1, respectively.14


The G3 calculations were compared with (HF/
6-31G(d) and B3LYP/6-31G(d)) for hypothetical reac-
tions involving small changes in bonding. Reactions
involving the same number and types (i.e. between the
same elements) of bonds on each side of the equation are
referred to as isodesmic, and if there are also no changes

Scheme 1. Chloride ion transfer from the acetyl cation to
t-butyl chloride; an isodesmic reaction, which is not homo-
desmotic because of changes in hybridisation at the central
carbon atoms19


Copyright # 2007 John Wiley & Sons, Ltd.

in atom hybridisation the reactions are termed homo-
desmotic (see also Scheme 1).19 It is expected (due to
both fortuitous20a and planned cancellations of errors)
that lower level calculations will give satisfactory results
for isodesmic and especially for homodesmotic reac-
tions.19 In many cases, all three methods (G3, HF and
B3LYP) agreed well, and results were then considered to
be reliable. In cases where G3 was not applied (to limit
the amount of computer time required), agreement
between HF and B3LYP calculations was taken as a
further indication that the lower level results are
acceptable (this assumption was supported by exper-
imental data in some cases – see below).

Tests of G3 theory for neutral compounds


Sufficient experimental data are available to show that the
G3 calculations are reliable for enthalpies of several
hypothetical reactions of neutral SVI organosulfur
compounds (Table 1); the largest difference between
experiment and theory is only 2.6 kcalmol�1 (last entry),
which involves substantial changes to four bonds. Similar
hypothetical reactions, involving relatively small changes in
bonding, were used to obtain two independent G3 calculated
values for the enthalpy of formation (DH0


f ) of methane-
sulfonyl chloride (average value of �90.9 kcalmol�1,
Table 2), in agreement with the recently published value
of �89.7� 1.2 kcalmol�1.10b

Substituent effects on neutral compounds


The enthalpies of the hypothetical reactions (DHR) shown
in Eqn (1) (Table 3) provide a measure of substituent
effects on neutral sulfonyl chlorides relative to methane
sulfonyl chloride. G3 calculations of DH0


f for methane-
sulfonyl chloride (Table 2) ‘anchored’ the calculations;

SO2þ 2CH4¼ (CH3)2SOþH2O 12.9 11.2
(CH3)2SOþH2O¼ (CH3)2SO2þH2 4.7 4.9
SO3þ 2CH4¼ (CH3)2SO2þH2O �16.5 �18.6
SO2þCl2¼SO2Cl2 �13.9 �14.4
SO2Cl2þC2H6¼ (CH3)2SO2þCl2 15.7 15.1
SO2Cl2þ 2C2H6¼ (CH3)2SO2þ 2CH3Cl �4.3 �6.9


a Enthalpies of reactions (gas phase, 1 atm., 298K) calculated from exper-
imental data (Ref. 16 and Ref. 21) for enthalpies of formation of products –
enthalpies of formation of reactants.
b Enthalpies of reactions (gas phase, 1 atm., 298K) calculated from G3
enthalpy data (from Ref. 16).
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Table 2. G3 calculations of enthalpies of reactions (DHR (calc.), kcalmol�1) at 298K, leading to the enthalpy of formation
(DHf


0) of methanesulfonyl chloride (gas)a


Reaction DHR (calc.)b DH 0
f (calc.)c


(CH3)2SO2þCl2¼CH3SO2ClþCH3Cl �21.5 �90.6
(CH3)2SO2þSO2Cl2¼ 2CH3SO2Cl �8.3 �91.1


aAn independent calculation from experimental data for the liquid and a calculated value of the enthalpy of vapourisation gave DHf
0 of methanesulfonyl


chloride (gas)¼�89.7� 1.2 kcalmol�1 (Ref. 10b).
b Enthalpies of reactions at 298K from calculated G3 enthalpy results (from Ref. 16, except for our value for CH3SO2Cl).
c Enthalpy of formation of methanesulfonyl chloride (kcalmol�1) at 298K calculated from DHR (calc.)¼ enthalpies of formation of products� enthalpies of
formation of reactants; experimental data for (CH3)2SO2, Cl2, CH3Cl and SO2Cl2 are available from Ref. 16, so DH0


f for CH3SO2Cl can be calculated.


Table 3. Enthalpies of reaction (DHR) from methyl transfer [Eqn (1), kcalmol�1] for sulfonyl chlorides (YSO2Cl), and enthalpies
of formation (DH0


f )


Species


DHR at various levels of theorya


HF/6-31G(d) B3LYP/6-31G(d) G3b DH0
f (g)


HSO2Cl �15.3 �16.1 �16.1 �72.5c


CH3SO2Cl 0.0d 0.0d 0.0d �90.9e


CH2CHSO2Cl �2.6 �2.4 �3.0 �63.0c


PhSO2Cl �1.4 �1.0 �57f


HOSO2Cl þ3.3 þ3.1 þ6.9 �125.6c


NH2SO2Cl �3.0 �3.7 þ1.1 �77.3c


CH3NHSO2Cl �1.5 �2.7 �73f


(CH3)2NSO2Cl �7.1
ClSO2Cl �18.2 �10.6 �6.5 �84.7c,g


a Calculated from data for sulfonyl chlorides in Tables S1 and S2, with additional theoretical data for YCH3 from Ref. 16; HF and B3LYP calculations refer to
0K, and are not corrected for small changes in zero point energies.
b Enthalpy at 298K.
c, Based on G3 calculations of DHR, using experimental data for the other terms in Eqn (1).
d By definition.
e Calculated from hypothetical reactions (Table 2).
f Approximate value based on lower level calculations of DHR and experimental data for the other terms in Eqn (1).
g In good agreement with the experimental value of �84.8 (Ref. 16).


SULFONYL CATIONS FROM SULFONYL CHLORIDES 1095

combining DHR with the experimental values of DH0
f


for C2H6 and YCH3 gives calculated values of DH0
f for


other sulfonyl chlorides (Table 3).


YSO2Clþ C2H6 ¼ YCH3 þ CH3SO2Cl (1)

Tests of G3 theory for sulfonylium cations


G3 calculations of bond dissociation enthalpies
(Scheme 2)11 and proton affinities (PA, Scheme 3)12,13


agree well with experimental data and show the reliability
of results for sulfonyl cations, even for reactions in which
there are changes in the total number of bonds.

Scheme 2. HBDEs11 (with additional G3 calculations for
acetyl17)


Copyright # 2007 John Wiley & Sons, Ltd.

For dissociation of CH3SO2Cl, the quoted value11b of
186 kcalmol�1 is in good agreement with the published
value11c ofDH0


f for CH3SO
þ
2 of 150.6 kcalmol�1 and data


for CH3SO2Cl (Table 2) and for the chloride anion, which
leads to values of 186–187 kcalmol�1 for the HBDE. The
value quoted in compilations12,16 for the PA of SO2


(160.7 kcalmol�1at 298K) is incorrect, as it is not
consistent with data from the original source.13a The
value quoted for the PA of SO3


12 is consistent with the

Scheme 3. PA12 (the change in enthalpy, with a positive
sign for energy released on protonation in the gas phase);
the experimental value for SO2 refers to 600K;13a calculated
values refer to 298K, but the temperature dependence is
small
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Table 4. Enthalpies (kcalmol�1) for transfer of chloride ion to the methanesulfonyl cation from sulfonyl chlorides [YSO2Cl,
Eqn (2)], and HBDEs, DS-Cl, calculated for three levels of theorya


Species HF/6-31G(d) B3LYP/6-31G(d) G3b DS-Cl
c


HSO2Cl 19.1 18.1 17.9 203.9
CH3SO2Cl 0.0d 0.0d 0.0d 186.0e


CH2CHSO2Cl �11.3 �9.7 �7.3 178.7
PhSO2Cl �22.9f �23.2f 163g


HOSO2Cl 18.2 16.4 16.9 202.9
NH2SO2Cl �12.7 �11.6 �10.2 175.8
CH3NHSO2Cl �21.3 �20.6 165h


(CH3)2NSO2Cl �31.9 154h


ClSO2Cl 23.4 21.9 19.6 205.6


a Calculated from data in Table S1; HF and B3LYP calculations refer to 0K, and are not corrected for small changes in zero point energies.
b Enthalpy at 298K.
c HBDE at 298K, giving a sulfonyl cation and a chloride anion, based on G3 calculations for the enthalpy of chloride transfer.
d By definition.
e Anchor point, based on the average of the experimental value of 185.95 (Ref. 11b) and the value of 186.05, calculated by G3 (see Scheme 2).
f Data for PhSO2Cl from Table S2.
g Less reliable results, based on HF and B3LYP calculations; the experimental value is 159.7 (Ref. 11b).
h Approximate value based on HF/6-31G(d) data.
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observation that the PA of SO3 is less than that of CO,13b


and with other data.13c

Substituent effects on sulfonyl cations


Few, if any, reliable experimental data are available for
the feasible (but experimentally difficult to investigate)
chloride transfer reactions [Eqn (2)], used to assess the
stabilities of sulfonyl cations relative to the methane-
sulfonyl cation (Table 4). Fortunately, experimental data
are available for HBDE (Scheme 2), so best values of
HBDE data for methanesulfonyl chloride were (in a
similar procedure to Table 3) used as an ‘anchor’ to
minimise differences between the various levels of theory.
HBDEs for other acid chorides can then be calculated
from the substituent effects (Table 4), based on isodesmic
and some homodesmotic reactions (Eqn. 2); agreement
between the three levels of theory (Table 4) is quite good
(within 4 kcalmol�1). Remarkably, HBDEs cover a range
of 52 kcalmol�1 from 154 kcalmol�1 for Me2NSO2Cl to

Table 5. Enthalpies (kcalmol�1) calculated for chloride ion transf
from 4-ZC6H4COCl [Eqn (4)]


Z


Sulfonyl chlorides


HF/6-31G(d)a B3LYP/6-31G(d)a


H 0.0d 0.0d


Me �4.4
MeO �10.2 �11.1
Cl 3.2
NO2 14.8 12.0


aData from Table S2; the equation of a Hammett–Brown (Ref. 6) correlation of
bData from Ref. 7; the equation of a Hammett–Brown (Ref. 6) correlation is: e
c Includes a correction for zero point energies; data from Ref. 8
enthalpy¼ (14.0� 0.7)sþp þ (0.6� 0.4) (r¼ 0.997, n¼ 5).
d By definition.
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205.6 kcalmol�1 for SO2Cl2.


YSO2Clþ CH3SO
þ
2 ¼ YSOþ


2 þ CH3SO2Cl (2)


The reference substituent was switched from CH3 to Ph
to investigate the substituent effects for both aromatic
sulfonyl and aroyl chlorides for homodesmotic reactions
(Eqns 3 and 4); as expected from previous work,7,8,14 HF
and B3LYP calculations (Table 5) agree well.


4-ZC6H4SO2Clþ PhSOþ
2


¼ 4-ZC6H4SO
þ
2 þ PhSO2Cl (3)


4-ZC6H4COClþ PhCOþ


¼ 4-ZC6H4 CO
þ þ PhCOCl (4)


Enthalpies of chloride ion transfer between acylium
and sulfonyl cations could be obtained from the
differences in bond dissociation energies, obtained
indirectly using data for methyl derivatives as ‘anchors’,
and adding the calculated substituent effect based on a

er to C6H5SO
þ
2 from 4-ZC6H4SO2Cl (Eqn 3) and to C6H5CO


þ


Aroyl chlorides


HF/6-31Gb B3LYP/6-311G(d,p)c


0.0d 0.0d


�3.9 �4.5
�8.2 �9.5
4.2 2.1
15.5 12.1


HF data is: enthalpy¼ (16.1� 1.0)sþp þ (1.3� 0.5) (r¼ 0.994, n¼ 5).
nthalpy¼ (15.5� 1.6)sþp þ (2.1� 0.8) (r¼ 0.984, n¼ 5).
; the equation of a Hammett–Brown (Ref. 6) correlation is:
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Table 6. Enthalpies for chloride ion transfer between acy-
lium and sulfonyl cations (Eqns 5 and 6) at various levels of
theory


Theory


Energy (kcal mol�1)


Acylium ion CH3CO
þ PhCOþ


HF/6-31G(d) 27.5a 20.0b


B3LYP/6-31G(d) 16.3a 10.9b


B3LYP/6-311G(d,p) 18.7c 12.7d


B3LYP/6-311þG(3df,2p)e 21.6c


G3 (enthalpy at 298K) 25.9f


(Experimental result) 24.2g


a Data from Ref. 14 and Table S1.
b Data from Ref. 14 and Table S2, excluding small changes in zero point
energy of <0.3 kcalmol�1.
c The ‘big’ basis set from Ref. 22.
d Data from Ref. 8 and Table S2.
e Using HF/6-31G(d) optimised geometries; data from Table S3.
f Data from Ref. 17 and Table S1.
g Difference in HBDEs (Scheme 2).
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homodesmotic reaction. Direct comparisons require
isodesmic reactions which are not homodesmotic (e.g.
Eqns 5 and 6); G3, HF and various basis sets for B3LYP
calculations, illustrated in Table 6 for CH3 [Eqn (5)] and
Ph [Eqn (6)] substituents, now show significant differ-
ences depending on the level of theory. The results
include calculations of energies using a large basis set
(6-311þG(3df,2p),22 but at fixed HF/6-31G(d) geome-
tries.


CH3CO
þ þ CH3SO2Cl ¼ CH3COClþ CH3SO


þ
2 (5)


PhCOþ þ PhSO2Cl ¼ PhCOClþ PhSOþ
2 (6)

Kinetic data for solvolyses


First order rate constants for solvolyses of 4-Z-substituted
benzenesulfonyl chlorides are shown in Table 7 for

Table 7. Rate constants (k/s�1) for solvolyses of 4-Z-substituted be
75 8Ca


Z Temp. (8C) Rate constant k (s�1)


OMe 75.0 (1.18� 0.02)� 10�4


50.0 (2.25� 0.02)� 10�5


Me 75.0 (2.82� 0.04)� 10�5


50.0 (6.80� 0.02)� 10�6


H 75.0 (2.00� 0.02)� 10�5


50.0 (2.88� 0.08)� 10�6


Cl 75.0 (1.06� 0.01)� 10�5


50.0b (2.20� 0.02)� 10�6


NO2 75.0c (1.03� 0.07)� 10�5


50.0d (1.51� 0.03)� 10�6


a Determined conductimetrically in duplicate, except where stated otherwise; err
b One additional rate constant determined by HPLC.
c Quadruplicate rate measurements.
d Determined by refrigerated HPLC (Ref. 23a).
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solvolyses in 2,2,2-trifluoroethanol (TFE). Reactions
were monitored by changes in conductivity and/or by
HPLC. Because of the relatively long reaction times, data
were obtained at 50 and 75 8C (Table 7), and extrapolated
to 25 8C for comparisons with rate constants in 40%
ethanol–water (Table 8).


DISCUSSION


Theoretical methods


HF/6-31G(d) takes no account of electron correlation, but
is well established as a suitable level for calculating
geometries.19 Extensive HF/6-31G(d) data for a range of
small SVI organosulfur compounds were reviewed in
1991.24 Complete geometry optimisations on larger
molecules can be done quickly, and the geometry of
4-nitrobenzenesulfonyl chloride is in satisfactory agree-
ment with the structure recently obtained by X-ray
diffraction (Scheme 4).25


B3LYP/6-31G(d) is designed to account for the effects
of electron correlation, and is known to be a compromise
between speed and accuracy;20c to quote a recent text, ‘we
have to be very careful what we can and cannot
believe’.20a B3LYP/6-31G(d) calculations for 3, Z¼NO2


gave an S—Cl bond length, too long by ca 0.1 Å. Initial
geometries using G3 are optimised HF/6-31G(d) values,
and the effects of electron correlation are later made by
further optimising the geometry using MP2;19 MP2 tends
to overestimate bond lengths,20b and an S—Cl bond
length too long by 0.06 Å is calculated for CH3SO2Cl. The
geometry optimisation procedure in G2 did not reproduce
the experimental geometry of CH2SO, whereas a larger
basis set gave the correct structure.26a Calculations on the
enthalpy of formation of CH2SO


26 illustrate the difficul-
ties in obtaining reliable predictions, even using high
level calculations.


G2 (the forerunner of G3) calculations27 gave such
good results for PA that theoretical data were used as a

nzenesulfonyl chlorides (3) in 97%w/w TFE–water at 50 and


DH 6¼ (kcal mol�1) DS 6¼ (cal K�1 mol�1)


14.1 �36


12.1 �45


16.7 �32


13.4 �43


16.5 �34


ors shown are average deviations; extrapolations to 25 8C are in Table 8.
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Table 8. Ratios of rate constants (k/s�1) for solvolyses of 4-Z-substituted benzenesulfonyl chlorides (ArSO2Cl, 3) in 97% w/w
TFE–water (97T) and 40% ethanol–water (40E) and k40E/k97T values for corresponding aroyl chlorides (ArCOCl, 1) at 25 8Ca


ArSO2Cl ArCOCla


Z k (97% TFE)b k (40% EtOH) k40E/k97T k40E/k97T


NO2 1.6� 10�7 2.32� 10�3c 1.5� 104 (8.2� 103)d


Cl 3.5� 10�7 8.5� 10�4 2.5� 103 34
H 3.0� 10�7 8.82� 10�4 2.9� 103 13
Me 1.3� 10�6 5.84� 10�4e 4.5� 102 5.7
OMe 3.3� 10�6 9.87� 10�4e 3.0� 102 4.6
(mesit)f 3.5� 10�5 5.3� 10�3 1.5� 102


aKinetic data for 97T from Ref. 5, and for 40E from Refs 23b and 23c.
b Extrapolated from data in Table 7.
c Data from Ref. 23a.
d The high ratio is due to a mechanistic change (see Ref. 23b).
e Data from Ref. 23d.
f Data for 2,4,6-trimethylbenzene sulfonyl chloride is the average from Refs 9a and 23e.


Scheme 4. Comparison of observed (and calculated by HF/
6-31G(d)) bond lengths (Å) for 4-nitrobenzenesulfonyl chloride
(3, Z¼NO2)


25
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guide in selecting the best values in the compilation of
experimental data.12 Reassuringly, G3 calculations of PA
for a few test molecules were very similar to G2 values.15


In considering the reliability of our calculations for
enthalpies, it should be emphasised that firm links have
been established between experimental data, G3 calcu-
lations and the lower level calculations. As each cal-
culation involves a transformation, extensive cancellation
of errors can be expected. Also, because Eqns (1–4) are
often isodesmic or homodesmotic reactions, it is not
surprising that lower level calculations agreewell with the
G3 calculations. Errors of a few kcalmol�1 would not
affect our conclusions because the range of substituent
effects is huge (it is predicted that HBDEs increase by
over 70 kcalmol�1 from 4-MeOC6H4COCl to SO2Cl2). A
major limitation is that solvation effects are excluded.

Substituent effects on neutral compounds


The G3 results in Table 3 agreewith lower levels of theory
(HF/6-31G(d) and B3LYP/6-31G(d), except in one case.
For SO2Cl2, there is very poor agreement between the
three levels of theory, but the G3 value is supported by
experimental data (Table 3, footnote g). The results
for SO2Cl2 appear to be at the extreme of a trend;
agreement between the various levels of theory is less
satisfactory when atoms such as O, N or Cl are attached
directly to the sulfonyl group [Eqn (1)]. Nevertheless,

Copyright # 2007 John Wiley & Sons, Ltd.

some values of DH0
f have been obtained from the lower


level theory. For PhSO2Cl, the results are supported
indirectly by the G3 calculation for CH2CHSO2Cl; all
three levels of theory are in agreement for CH2CHSO2Cl,
and the two lower levels of theory agree for PhSO2Cl, for
which there are very similar bonding changes.


In contrast to previous calculations for chloroformates
(e.g. MeOCOCl),14 there are no large conjugative effects
in neutral sulfonyl chlorides (Table 3), even between the
nitrogen atom and the SO2Cl moiety (i.e. sulfamic acid
derivatives). Also, for Eqn (7), G3 gives a DHR of only
1.8 kcalmol�1, so there are either small or insignificant
conjugative effects between the Cl and SO2 fragments of
sulfonyl chlorides. However for Eqn (8), G3 gives
DHR¼ 7.1 kcalmol�1 (experimental values of DH0


f give
DHR¼ 6.3 kcalmol�1), so there is a small conjugative
stabilising effect between the Cl and CO fragments of
acyl chlorides.


CH3SO2Clþ CH3CH3 ¼ CH3SO2CH3 þ CH3Cl (7)


CH3COClþ CH3CH3 ¼ CH3COCH3 þ CH3Cl (8)

Substituent effects and nucleophilic solvent
assistance in solvolyses


Aromatic substituent effects for the gas phase (expressed
as enthalpies) are calculated to be very similar for acylium
ions and for sulfonyl cations (Table 5). There is good
agreement between HF and B3LYP calculations, prob-
ably because the bonding changes are relatively small
(see also above discussion of the G3 calculation
for CH2CHSO2Cl). Satisfactory correlations of energies
with sþp are shown in the footnotes to Table 5, and the
slopes (14–16) correspond to rþ values of 10–11 when
converted to slopes for log rates.


In contrast, the experimental data for rates of
solvolyses in 97%TFE for acyl chlorides show rþ¼�3.1
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Figure 1. Logarithms of rate constants for solvolyses versus
sþ (Ref. 6) of: (a) sulfonyl chlorides in 97% TFE at 75 8C (data
from Table 7): logk¼�(0.67�0.19)rþ� (4.65�0.1), r¼
0.895, n¼5; (b, c) acyl chlorides at 25 8C: (b) in 97% TFE
(data from Ref. 5): logk¼�(3.11� 0.23)rþ� (2.62�0.12),
r¼ 0.992, n¼ 5; (c) in 97% hexafluoropropanol (HFIP) (data
from Ref. 30): logk¼�(5.4�0.8)rþ� (1.5� 0.4), r¼
0.990, n¼3; note that (2þ logk) is plotted
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�3.1 (Fig. 1); substituent effects are <30% of the
calculated values (gas phase), but about fourfold larger
than for sulfonyl chlorides (rþ¼ ca �0.7, but a shallow
curve would fit the data better, Fig. 1).


For comparison, substituent effects for solvolyses of
4-substituted cumyl chlorides (2) are 40% of the
calculated values (B3LYP/6-31G(d)); heterolytic bond
dissociation enthalpies (HBDEs) (kcalmol�1, relative to
H) are:4b 4-MeO, �11.7; 4-Me, �5.6; 4-Cl, 0.3; 4-NO2,
13.4, in close agreement with the values for acid chlorides
(Table 5). Hence, the extent of attenuation of gas
phase substituent effects by solvent (based on rates of
solvolyses) is: sulfonyl chlorides> acyl chlorides>
cumyl chlorides.28


Solvolyses of cumyl chlorides (2) proceed by an SN1
mechanism; the extent of nucleophilic solvent assistance
(NSA or SN2 character) is small29a or negligible.29b,c


Reviewing our earlier comments5 on solvolyses of acyl
chlorides, the gas phase substituent effect is even larger
than expected from mass spectrometric data. The earlier
proposal that solvolyses of acyl chlorides in 97% TFE
proceed through transition states with high cationic
character, but are not purely SN1 processes,


5 was based on
the relatively low rþ values of �3.1; it is now supported
by more recent data showing a larger substituent
effects for solvolyses in 97% hexafluoro-isopropanol
(rþ¼�5.4, Fig. 1), an even more weakly nucleophilic
solvent.3d,31


The rate ratio of rate constants in 97% TFE and in 40%
ethanol–water is a useful guide to the extent of NSA (SN2
character) in solvolyses.32 The two solvents have very
similar ionizing powers, but TFE is significantly less
nucleophilic,3d,31 so k40E/k97T values>1 are an indication
of NSA (see Scheme 1 of Ref. 32). SN1 solvolyses of
aromatic compounds may give k40E/k97T ratios <1,32 so
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the value of 13 (Table 8) for solvolyses of benzoyl
chloride is consistent with small but significant NSA.
Hence, comparing solvolyses of acyl chlorides (1) and
cumyl chlorides (2), the greater extent of attenuation of
the calculated (gas phase) substituent effect for the former
can be explained by greater NSA.


Now comparing solvolyses of sulfonyl with aromatic
carboxylic acid (aroyl) chlorides, the smaller substituent
effect for solvolyses in 97% TFE (Fig. 1) can also be
explained by greater NSA. The k40E/k97T ratios for
sulfonyl chlorides vary 100-fold depending on both
electronic and steric effects (Table 8); the highest value
for Z¼NO2 refers to a strongly electron withdrawing
substituent, and the lowest value of 150 refers to a more
electron rich and more sterically hindered substrate
(2,4,6-trimethyl benzenesulfonyl chloride). The k40E/k97T
ratios for aromatic sulfonyl chlorides are typically ca
100-fold larger than for corresponding aroyl chlorides
(Table 8), consistent with substantial NSA and an SN2
mechanism for solvolyses of sulfonyl chlorides;9c,33 also
values of DS6¼ (Table 7) are much more negative than
those for corresponding aroyl chlorides,5 supporting
evidence for a more highly ordered (SN2) transition
state.9a,9d


Sulfonyl transfer reactions are usually regarded as
concerted bimolecular displacements at the sulfonyl
group,33 but the nature of the ‘SN2’ transition state for
solvolyses of sulfonyl chlorides has long been a matter of
debate and some confusion. Calculations (based on
6-31G(d) geometries and MP2 energies) for methane-
sulfonyl chloride reacting with one or two water
molecules support a concerted process having a transition
state with thewater nucleophile attacking at the rear of the
S—Cl bond (as in the classical SN2 mechanism).34a More
recent but lower level PM3 calculations for the gas phase
reaction of 3, Z¼H with one water molecule supported
an SAN mechanism and formation of an unstable
five-coordinate intermediate.34b MP2 and B3LYP calcu-
lations for gas phase SN2 reactions predicted trigonal
bipyramidal (TBP) transition states for chloride ion
attacking a sulfonyl chloride, but a stepwise mechanism
via TBP-type intermediates for sulfonyl transfers between
fluorides.34c


Differences in solvolysis mechanisms for 1 and 3 can
be partly explained by the much greater ease of formation
of acylium ions compared with sulfonyl cations (Table 6);
the G3 value of 25.9 kcalmol�1 for the enthalpy change in
Eqn (5) is an indication of the greater stabilization
of CH3CO


þ than CH3SO
þ
2 . A small correction (ca


4 kcalmol�1) for the greater conjugative effects in the
neutral acyl chloride [Eqn (8)] than sulfonyl chlorides
[Eqn (7)] leads to even larger enthalpy differences
between the two cations.


The G3 result (25.9) is also in good agreement with the
24.2 kcalmol�1 difference in bond dissociation enthal-
pies obtained from experimental data (Scheme 2), and the
B3LYP results improve significantly as the size of the
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basis set increases; fortuitously in this case, the HF/
6-31G(d) result of 27.5 kcalmol�1 is also quite good.
Because an almost identical pattern of results is
calculated for PhCOþ and PhSOþ


2 , we estimate a best
value of 15–18 kcalmol�1 for the enthalpy change in
[Eqn (6)].


The possibility of mechanistic changes for solvolyses
of highly electron rich sulfonyl halides has recently been
considered;9d reaction of 4-amino benzenesulfonyl
chloride (3, Z¼NH2) with hydroxide is much faster
than expected by comparison with other sulfonyl halides,
possibly due to deprotonation of an N—H bond in an
E1cB mechanism.9e Solvolyses of 4-dimethylamino
benzenesulfonyl chloride (3, Z¼NMe2) show the effect
of strong electron donation in the absence of deproto-
nation;9a,9d the reaction is much faster than expected from
extrapolation of the plot for sulfonyl chlorides in 97%
TFE (Fig. 1) to sþ (for NMe2)¼�1.7, which gives a
predicted k¼ 3� 10�4 s�1 at 75 8C, 20-fold less than
observed even at 25 8C (k¼ 5.5� 10�3 s�1)9a in anhy-
drous TFE (the kinetic effect of 3% of water in TFE is
small).

CONCLUSIONS


G3 theoretical calculations of energies, known to give
reliable thermochemical data for many organic com-
pounds,15 are in good agreement with experimental
results for a range of SVI organosulfur compounds
(Table 1), and HBDEs (Scheme 2) and the PA0s
(Scheme 3). Lower level calculations (HF/6-31G(d)
and B3LYP/6-31G(d)) are in agreement with G3
calculations if suitable equations for substituent effects
are devised to allow cancellation of some errors (e.g. for
the much less demanding calculations of the energies of
homodesmotic reactions involving small bonding
changes for sulfonyl chlorides and corresponding cations
(Eqns 1 and 2, Tables 3 and 4).


Calculated HBDEs (gas phase) vary over 70 kcalmol�1


(from 4-methoxy-benzoyl chloride to SO2Cl2), but the
effects of varying the 4-substituent from OMe to NO2 for
arenesulfonyl cations (Table 5) are almost identical to
those for the corresponding acylium ions (Table 5) and
cumyl cations.4b In contrast, rate constants for solvolyses
of aroyl chlorides in 97% TFE show about 30% of
the calculated substituent effects, and substituent
effects for solvolyses of arenesulfonyl chlorides are a
further fourfold smaller (Fig. 1). The variation in extent
of attenuation of gas phase substituent effects of
4-substituted aryl cations (in the order: sulfonyl>
acylium> cumyl) can be explained by decreases in
nucleophilic solvent assistance (SN2 character).


Changes in HBDE for sulfonyl chlorides (Table 4) are
due mainly to substituent effects on stabilisation of the
sulfonyl cations, because conjugative effects in the

Copyright # 2007 John Wiley & Sons, Ltd.

neutral sulfonyl chlorides are relatively small (see
Table 3, and Eqns 7 and 8).

EXPERIMENTAL


Calculations


Calculations were performed using Gaussian 0335 at the
Rutherford Appleton laboratory (Columbus service)
using the EPSRC National Service for Computational
Chemistry software (NSCCS). Linear regressions were
performed using Microsoft Excel.

Kinetics


Sulfonyl chlorides were commercial samples; solids were
purified by recrystallisation from diethyl ether for 3,
Z¼MeO (Lancaster synthesis, mp 41–43 8C), 3, Z¼Me
(BDH, mp 68–69 8C) and 3, Z¼Cl (Aldrich, mp
51–52 8C); benzenesulfonyl chloride (Aldrich) was
shown to be >99.7% pure by HPLC analysis of
methanolysis products. Purification of 3, Z¼NO2, and
of solvents and other experimental procedures for kinetics
(including new results for 40% ethanol in Table 8) and
HPLC were as described earlier.23a The accuracy of some
of the rate constants obtained by HPLC was improved by
incorporating peak areas for both sulfonyl chloride and
acid product into the calculations, as described earlier.36

SUPPLEMENTARY DATA


Total energies (Hartrees) for new calculations (Tables
S1–S3, four pages).
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J. Phys. Chem. A 2004; 108: 5288–5294; (b) Chatgilialoglu C,
Griller D, Kanabus-Kaminska JM, Lossing FP. J. Chem. Soc.,
Perkin Trans. 2 1994; 357–360; (c) Frank AJ, Turecek F. J. Phys.
Chem. A 1999; 103: 5348–5361.


12. Hunter EP, Lias SG. J. Phys. Chem. Ref. Data 1998; 27: 413–656.
13. (a) Szulejko JE, McMahon TB. J. Am. Chem. Soc. 1993; 115:


7839–7848; (b) Munson B, Smith D, Polley C. Int. J. Mass
Spectrom. Ion Phys. 1977; 25: 323–326; (c) Pommerening CA,
Bachrach SM, Sunderlin LS. J. Am. Soc. Mass Spectrom. 1999; 10:
856–861.


14. Bentley TW, Harris HC, Ryu ZH, Lim GT, Sung DD, Szajda SR.
J. Org. Chem. 2005; 70: 8963–8970.


15. Curtiss LA, Raghavachari K, Redfern PC, Rassolov V, Pople JA.
J. Chem. Phys. 1998; 109: 7764–7776.


16. NIST website accessed in November 2006.
17. Fox JM, Dmitrenko O, Liao L, Bach RD. J. Org. Chem. 2004; 69:


7317–7328.
18. Bentley TW, Llewellyn G, McAlister JA. J. Org. Chem. 1996; 61:


7927–7932.
19. Schreiner PR. In The Investigation of Organic Reactions and Their


Mechanisms (Chapter 7),Maskill H (ed.). (a) p. 242; (b) p. 119; (c) pp.
141–143. Blackwell: Oxford, 2006.


20. Koch W, Holthausen MC. A Chemist’s Guide to Density Func-
tional Theory. Wiley-VCH: Weinheim, 2000.


21. Cox JD, Pilcher G. Thermochemistry of Organic and Organome-
tallic Compounds. Academic Press: London, 1970.


22. Bauschlicher CW, Jr. Chem. Phys. Lett. 1995; 246: 40–44.
23. (a) Bentley TW, Jones RO, Koo IS. J. Chem. Soc., Perkin Trans. 2


1994; 753–759; (b) Bentley TW, Koo IS. J. Chem. Soc., Perkin
Trans. 2 1989; 1385–1392; (c) Bentley TW, Jones RO. J. Chem.
Soc., Perkin Trans. 2 1993; 2531–2537; (d) Koo IS, Bentley TW,
Llewellyn G, Yang K. J. Chem. Soc., Perkin Trans. 2 1991;

Copyright # 2007 John Wiley & Sons, Ltd.

1175–1179; (e) Koo IS, Bentley TW, Kang DH, Lee I. J. Chem.
Soc., Perkin Trans. 2 1991; 175–179.


24. Basch H, Hoz T. In The Chemistry of Sulphonic Acids, Esters and
Their Derivatives (Chapter 1), Patai S, Rappoport Z (eds). Wiley:
Chichester, 1991.
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ABSTRACT: Surfactant-assisted specific-acid catalysis (SASAC) for Diels–Alder reactions of dienophiles 1 and 4
with cyclopentadiene 2 in aqueous media at 32 8C was studied. This study showed that acidified anionic surfactants
(pH 2) such as sodium dodecyl sulfate (SDS) and linear alkylbenzene sulfonic acid (LAS) accelerate Diels–
Alder reactions. Conversely, under similar reaction conditions (pH 2) these reactions are inhibited by (acidified)
cationic surfactants such as dodecyltrimethylammonium bromide (DTAB), dodecyldimethylammonium bromide
(DDAB), and dodecylmethylammonium bromide (DMAB). A modest rate acceleration resulting from the surfactant
hydrogen-bonding capacity is also recorded for the Diels–Alder reaction of naphthoquinones (6) with cyclopentadiene
(2) in aqueous media at 32 8C. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: specific-acid catalysis; Diels–Alder reaction; surfactant-type Brønsted acid; micellar catalysis; micellar


inhibition

INTRODUCTION


Diels–Alder reactions provide important and useful
methods for the synthesis of six-membered ring com-
pounds including versatile synthetic intermediates and
natural products.1 The reaction involves the stereospecific
[4þ2] cycloaddition of a dienophile and a conjugated
diene. The reaction is accelerated when performed in
water2 and is catalyzed by both Lewis-acid3–5 and specific-
acid catalysts.6–8 Generally, the use of micellar and
vesicle-forming surfactants as catalysts is common for
Diels–Alder and other types of cycloaddition reactions in
aqueous solution.9 More interestingly, the combination of
water-stable Lewis-acids such as scandium triflate and
anionic surfactant (e.g. sodium dodecyl sulfate (SDS)),
gives remarkably efficient Lewis-acid catalysts for some
organic reactions in water.10 The use of scandium tris-
(dodecyl sulphate), Sc(DS)3, for example, has been
successfully applied to the three-component Mannich-
type reaction of aldehydes, amines, and silyl enolates
in water.11 Furthermore, the use of copper salt of
5,5-di-n-dodecyl-2-hydroxyl-1,3,2-dioxaphosphorinan-2-
one, Cu(dDP)2


12 and copper bis(dodecyl sulphate),
(Cu(DS)2),13 have shown an excellent rate acceleration
for Diels–Alder reactions in water.
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Combined Lewis-acid surfactant catalysts form stable
colloidal dispersions with organic substrates and hence
are effective Lewis-acid catalysts. Combined Brønsted-
acid surfactant catalysts in water have also been
employed in a number of organic reactions in water.14–16


However, these catalysts have not been studied on
Diels–Alder reactions in water. The aggregation of
long-chain hydrocarbontails (C10–C20) in water results
in the semi-ordered structures of micelles with ionic
groups protruding into the aqueous phase whereas the
aliphatic chains are brought to close proximity in the core
of the aggregate excluding water. This means that when
organic compounds are introduced in an aqueous micellar
solution, dipolar and hydrophobic interactions will cause
binding of these compounds to the micelles.17,18 The
properties of the binding site will strongly depend on the
nature and concentration of the solubilizate and the nature
of the surfactant used. It is therefore reasonable to assume
that surfactant-assisted specific-acid catalysis (SASAC)
for Diels–Alder reactions in water should occur depend-
ing on the type of the surfactant and the overall influence
of hydrophobic effects, electrostatic interactions, and the
accompanying medium effects. It is anticipated that for
anionic surfactant molecules, the headgroups will con-
centrate the protons near the surface of the aggregates. In
this solution, hydrophilic dienophiles are expected to
reside near the surface of the micellar aggregates and
hence will be in close proximity to the bound protons and
as a result an enhancement of the rate of the Diels–Alder
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reaction is expected. On the contrary however, it is
anticipated that the cationic surfactants will repel the
protons from the Stern region of the micelle and hence
inhibit the Diels–Alder reactions. Consequently, Diels–
Alder reactions would efficiently be accelerated in the
specific-acid/anionic surfactant combination and will be
retarded in the specific-acid/cationic surfactant combi-
nation. To our knowledge, SASAC of Diels–Alder reac-
tions in aqueous media has not been reported previously.
In this study, we present kinetic data that illustrate the
catalytic efficiency of SASAC for Diels–Alder reactions.
The hydrogen-bond donor capacity of surfactants has
also been applied to increase the reactivity of these
cycloaddition reactions in aqueous media.

Scheme 3

RESULTS AND DISCUSSION


Diels–Alder reactions in the presence
of SDS and acidified SDS


SASAC has been examined for the Diels–Alder reactions
of substituted 3-phenyl-1-(2-pyridyl)-2-propen-1-one 1
and 3-phenyl-1-(4-pyridyl)-2-propen-1-one 4 with cyclo-
pentadiene 2 (Schemes 1 and 2). First, the reaction of
dienophile 1a with cyclopentadiene 2 was carried out in
SDS solutions in water. The presence of SDS (Scheme 3a)
afforded reaction rates higher than those for the same
reaction in water under similar reaction conditions. At the
critical micelle concentration (cmc) of SDS, the accel-
eration reaches a maximum of almost 40 times faster than
the uncatalyzed reaction rates under similar reaction
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conditions (Table 1). It is reasonable to assume that the
rate acceleration in the presence of SDS in water is due to
concentration of diene and dienophile in the micellar
reaction volume.19,20 Upon acidification of the surfactant
solution with hydrochloric acid up to pH 2, the reaction
rates are further improved (Fig. 1). At the cmc of SDS
(8.38mM)21 at 32 8C, the apparent second-order rate
constant of the reaction is increased from 0.26 to
0.57 s�1M�1. Above the surfactant cmc, a gradual decre-
ase in the reaction rate occurs due to the dilution effect
upon increasing the surfactant concentration.


We suggest that the increased concentration of protons
near the surfactant headgroups leads to the reaction rate
enhancements for the Diels–Alder reaction. The rate
increase upon acidification of the SDS solution suggests
that the combination of hydronium ions and anionic
surfactant leads to a more effective specific-acid catalyst
for this Diels–Alder reaction. This observation serves as
an indirect proof that this type of bimolecular Diels–Alder
reaction occurs near the surface of the micellar head-
groups. Even if the precise preferred location of the less
hydrophobic dienophile is uncertain, these observations
suggest that it is close to the micellar surface while that
of the hydrophobic reactant (i.e. cyclopentadiene) is
probably deeper in the micelle.

Table 1. The apparent second-order rate constants for
the Diels–Alder reaction of 1a with cyclopentadiene 2 in
different reaction media at 32 8C


Medium
k


(M�1 s�1)


Relative to the
uncatalyzed


reaction in water


Uncatalyzed reaction in water 0.0067 1
SDS (10mM in water)) 0.259 37
SDS (10mM in water, pH 2) 0.57 81
Hydrochloric acid (0.01M) 0.141 21
LAS (0.8mM) 1.16 173
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Figure 1. Catalysis of the Diels–Alder reaction of
3-(4-nitrophenyl)-1-(2-pyridyl)-2-propen-1-one (1a) with
cyclopentadiene (2) using SDS (^) and acidified SDS (~)


0


0.2


0.4


0.6


0.8


1


1.2


0 5 10 15


[LAS], mM


   
   


   
k/


s-1
M


-1


Figure 2. The influence of linear alkylbenzene sulfonic acid
(LAS) on the apparent second-order rate constants for
the Diels–Alder reaction of 3-(4-nitrophenyl)-1-(2-pyridyl)-2-
propen-1-one (1a) with cyclopentadiene (2)
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Diels–Alder reactions using linear
alkylbenzene sulfonic acid (LAS)


The catalysis of Diels–Alder reactions with linear LAS,
an examined micelle-forming surfactant (Scheme 4a),
was also examined. Figure 2 shows the apparent
second-order rate constants for these reactions. They
are larger than those obtained when the reaction was
performed in aqueous acidified SDS (Table 1).


TheDiels–Alder reaction of 4-nitrophenyl-1-(2-pyridyl)-
2-propen-1-one 1a with cyclopentadiene 2 in linear LAS
is about 170 times faster than the uncatalyzed reaction
under similar reaction conditions. The maximum appar-
ent second-order rate constant in linear LAS is almost
eightfold faster than that in aqueous 0.01M HCl and it

SO3H


SO3H


Linear alkylbenzene sulfonic acid


(a)


Benzenesulfonic acid


(b)


Scheme 4
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is twice faster than that in SDS solution at pH 2. The
maximum catalytic efficiency of LAS is found to be at
relatively low acid strength (pH 3) and at a concentration
of 0.8mM. The activity then drops drastically even
though the acid strength increases (Table 2). This demon-
strates that the catalytic efficiency of LAS depends on
both the surfactant properties of LAS and its specific-
acid strength. Dilution of diene and dienophile on more
micelles is in competition with an increase in acid
concentration.

Catalysis by LAS on the Diels–Alder
reaction of dienophiles (1b, 4) with
cyclopentadiene 2 in water


LAS was also found to be the catalyst of choice for the
Diels–Alder reaction of 3-phenyl-1-(2-pyridyl)-2-propen
1-one 1b and 3-phenyl-1-(4-pyridyl)-2-propen-1-one 4
dienophiles with cyclopentadiene 2 in water at 32 8C

Table 2. Comparison of LAS and HC1 for their catalytic
activity on the Diels–Alder reaction of 1a with 2 in water at
32 8C


pH of LAS
in water kLAS (M�1 s�1)


pH of HCl
in water kH (M�1 s�1)


1.37 0.52 1.37 0.20
2.08 0.54 2.00 0.14
2.35 0.63 2.42 0.09
2.99 1.12 2.90 0.04
3.10 1.16 3.00 0.034
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Table 3. The apparent second-order rate constants for the
Diels–Alder reaction of dienophiles 1 and 4 with cyclopen-
tadiene 2 in 1mM linear alkylbenzene sulfonic acid com-
pared to the uncatalyzed reaction in water at 32 8C


Reaction kLAS (M�1 s�1) kw (M�1 s�1) kLAS/kw


1aþ 2 1.124 0.0067 168
1bþ 2 0.1223 0.0049 25
4þ 2 0.0267 0.0041 6.5


0


0.2


0.4


0.6


0.8


1


1.2


0 5 10 15 20


Concentration, mM
k/


M
-1
s-1


Figure 4. Apparent second-order rate constants for the
Diels–Alder reaction of 3-(4-nitrophenyl)-1-(2-pyridyl)-2-
propen-1-one dienophile (1a) with cyclopentadiene (2) in
the presence of benzenesulfonic acid (^) and linear alkyl-
benzene sulfonic acid (~) at 32 8C in aqueous solution
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(Table 3). The catalysis by LAS on these reactions shows
that the bidentate character of the dienophile 1b provides
an advantage over the monodentate counterpart 4 (Fig. 3).


This behavior has been previously observed for these
reactions when catalyzed by conventional aqueous hydro-
chloric acid under similar reaction conditions.22 This
reactivity difference is caused by both hydrogen-bonding
interactions and electronic effects. The proton at the
pyridyl nitrogen of 1b may undergo intramolecular
hydrogen-bonding with the oxygen atom of the carbonyl
group. Consequently, this interaction will stabilize the
lowest unoccupied molecular orbitals (LUMO) of 1b, and
thereby enhancing its reactivity. On the other hand, the
proton attached at the pyridyl nitrogen of the dienophile
4 is at a too remote distance from the carbonyl oxygen
for the intramolecular hydrogen-bonding. In addition,
the intramolecular electrostatic interaction between the
positive charge on the pyridyl nitrogen and the negative
charge on the oxygen of the carbonyl carbon in dieno-
phile 1b is another possible reason of this reactivity
difference between these dienophiles.


The catalytic activity of benzenesulfonic acid and that
of linear LAS (Scheme 4a) on the Diels–Alder reactions
of 3-(4-nitrophenyl)-1-(2-pyridyl)-2-propen-1-one dieno-
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Figure 3. Comparison of the apparent second-order rate
constants for the reaction of dienophile 1b (~) and dieno-
phile 4 (^) with cyclopentadiene 2 at 32 8C in aqueous linear
alkylbenzene sulfonic acid
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phile 1a with cyclopentadiene 2 was also studied so as to
establish the influence of the hydrophobic alkyl moiety of
LAS on the catalysis of this reaction. The kinetic results
clearly indicate that the use of benzenesulfonic acid,
which lacks the hydrophobic alkyl moiety, under similar
reaction conditions led to much less effective catalysis
(Fig. 4).

Inhibition of Diels–Alder reactions in the
presence of cationic surfactants


After the successful acceleration of the Diels–Alder
reactions with acidified anionic surfactants, the study was
extended to acidified cationic surfactants (Scheme 3). Our
hypothesis was that cationic surfactants will repel the
protons from the Stern region of the micelles and thereby
inhibit the Diels–Alder reactions. Indeed, the Diels–Alder
reaction of 3-(4-nitrophenyl)-1-(2-pyridyl)-2-propen-1-
one dienophile (1a) with cyclopentadiene (2) at 32 8C,
showed inhibition by dodecyltrimethylammonium bro-
mide (DTAB) and dodecylmethylammonium bromide
surfactants at pH 2 (Fig. 5). The inhibition begins
immediately after the cmc of these surfactants which
is consistent with the notion that binding of 1a to the
micelles hampers specific-acid catalysis.


The inhibition was also observed when the reaction
of 3-phenyl-1-(4-pyridyl)-2-propen-1-one dienophile (4)
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Figure 5. Apparent second-order rate constants for the
Diels–Alder reaction of 3-(4-nitrophenyl)-1-(2-pyridyl)-2-
propen-1-one dienophile (1a) with cyclopentadiene (2) at
32 8C inhibited by dodecyltrimethylammonium bromide (^)
and dodecylmethylammonium bromide (~) surfactants at
pH 2


O


OR


O


OR


+


26a  R   = H
6b  R = COMe 7a  R   = H


7b  R = COMe


Scheme 5


768 E. B. MUBOFU AND J. B. F. N. ENGBERTS

with cyclopentadiene (2) was performed in dodecyldi-
methylammonium bromide (DDAB) cationic surfactant
at pH 2 at 32 8C (Fig. 6).
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Figure 6. Apparent second-order rate constants for the
Diels–Alder reaction of 3-phenyl-1-(4-pyridyl)-2-propen-1-
one dienophile (4) with cyclopentadiene (2) at 32 8C inhib-
ited by dodecyldimethylammonium bromide (DDAB) surfac-
tant at pH 2
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The hydrogen-bond interaction effect of
cationic surfactants on the Diels–Alder
reaction of 6 with 2


The extent to which water can affect a reaction through
hydrogen-bond interactions depends on the number and
the hydrogen-bond-accepting capability of the substitu-
ents in the substrates. We therefore extended our study
to an examination of the hydrogen-bonding influence
of cationic surfactants on the Diels–Alder reactions of
naphthoquinones 6 with cyclopentadiene 2 (Scheme 5).
The use of DDAB, and DTAB surfactants gave different
reaction rates (Fig. 7). The apparent second-order rate
constants for the Diels–Alder reaction of 6a with 2 in the
presence of a surfactant with a higher hydrogen-bond
donating capacity are slightly higher than those for a
structurally similar surfactant with a lower hydrogen-
bond donating capacity. This indeed suggests that there is
a kinetic effect due to hydrogen-bond interaction between
the surfactant ammonium hydrogen atom and the acti-
vated complex.
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Figure 7. The influence of the surfactant hydrogen-
bonding capacity on the second-order rate constants for
the Diels–Alder reaction of naphthoquinone (6a) with cyclo-
pentadiene (2) at 32 8C using surfactants DTAB (^) and
DDAB (~)
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Figure 8. The influence of the surfactant hydrogen-bond
donating capacity on the second-order rate constants for the
Diels–Alder reaction of 5-acetyl-2,4-naphthoquinone (6b)
with cyclopentadiene (2) at 32 8C using surfactants DDAB
(~) and MDAB (^)
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The reaction of 6b with cyclopentadiene 2 was
expected to show higher reaction rates in these media
because the presence of another carbonyl group could
further enhance the hydrogen-bond stabilizing effect. The
reaction of 6b with cyclopentadiene 2 at 32 8C in DDAB
and dodecylmethylammonium bromide (DMAB) surfac-
tants solution are compared in Fig. 8.


As expected, the second-order reaction rate constant is
increased by increasing the hydrogen-bond donating
capacity of the dienophile.

CONCLUSIONS


SASAC using acidified anionic surfactant and linear LAS
of Diels–Alder reactions in water has been investigated by
kinetic measurements. The catalysis is enhanced by the
acidification of the anionic surfactant and the reaction
rate is enhanced by about 40 times for SDS while it is
enhanced by about 170 times for LAS. When the
reactions are performed using acidified cationic surfac-
tants, rate inhibition is found. The results serve as an
indirect indication that bimolecular Diels–Alder reactions
occur close to the micellar surface (Stern region).
Moreover, the reactions are faster in these surfactant
media than in aqueous hydrochloric acid under similar
reaction conditions. Furthermore, we have established

Copyright # 2007 John Wiley & Sons, Ltd.

that a bidentate dienophile reacts faster than a structurally
related monodentate dienophile when catalyzed by LAS.

EXPERIMENTAL


Materials


Naphthoquinone (Aldrich), ethanol (Merck), 4-acetyl-
pyridine (Aldrich), 2-acetylpyridine (Aldrich), benzal-
dehyde (Aldrich), ether (Merck), acetonitrile (Aldrich),
N, N-dimethyldodecylamine (Aldrich), N- methyldode-
cylamine (Aldrich), and DTAB (Aldrich) were of the
highest purity available. Technical grade (96%) linear
alkylbenzene sulfonic acid, which comprised of a mixture
of linear LAS with molecular weight 304, was employed.
Cyclopentadiene was cracked from its dimer (Merck)
immediately before use. Dimineralized water was double
distilled in a quartz distillation unit. The solvents were
used as received without further purification. Dienophiles
1b and 4 were prepared by aldol condensation of 2-
and 4-acetylpyridine with the corresponding substituted
benzaldehyde using documented procedures.3,23 Dieno-
phile 1a was purified from the stock sample prepared
before in the group.23


1b and 4: To 100ml of water cooled to 5 8C, 16.5mmol
of the appropriate benzaldehyde and 17mmol of the
appropriate acetylpyridine were introduced. The mixture
was thoroughly shaken to obtain a finely dispersed
emulsion. This was followed by the addition of 10ml of
10% NaOH. The mixture was once again shaken and left
undisturbed overnight at 4 8C. The product which was
oil-like solidified upon shaking and was filtered and
washed with water giving good yields: 1b, 93%, 4, 77%.
The products were crystallized from ethanol to afford
pure products with melting points for 1b, 74.8–75.5 8C
(lit. 74.5–75.3 8C,23 74 8C24 and 4, 89.5–90.0 8C (lit.
89.0–89.2 8C,23 87–88 8C25). The 1H NMR spectra of
these products were checked and were consistent with the
previously reported results.23

Kinetic measurements


Rate constants were determined by UV–VIS spectroscopy
(Perkin Elmer l2, l5, or l12 spectrometer). The
disappearance of the absorption of the dienophile at an
appropriate wavelength was monitored for at least four
half-lives. The dienophile was introduced into a 1 cm path
length quartz cuvet containing 3.5ml of the appropriate
surfactant solution. After equilibration, 10–25ml of a
concentrated stock solution of cyclopentadiene in
acetonitrile was added. The pseudo-first-order rate
constants were obtained using a fitting program. The
apparent second-order rate constant was then calculated
by dividing the observed pseudo-first-order rate constant
by the initial concentration of cyclopentadiene. Typical
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concentrations employed were [diene]¼ 1� 10�3–2�
10�3M and [dienophile]¼ 1� 10�5M. The rate con-
stants were measured at least three times and the reported
rate constants are an average of three runs. The rate
constants were reproducible to within 3%.

Preparation of the cationic surfactants


The alkylammonium surfactants were prepared by
protonation of the respective amines. Due to solubility
problems of these amines in aqueous systems, direct
protonation using aqueous HBr/HCl was not feasible. The
protonation was thus achieved by dissolving the amines in
diethyl ether. This was followed by bubbling in hydrogen
bromide gas until the surfactant salts precipitated out. The
surfactant salts were then vacuum-dried at room
temperature overnight. The cmc of each surfactant was
determined by conductivity at 32 8C. The cmc were 13.01
and 11.58mM for DDAB and DMAB.
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tions within the field of organocatalysis, the organocatalytic asym-
ted aldehydes and ketones, has been studied by quantum chemical


modeling. The level of accuracy of the hybrid density functional theory method B3LYP/6-31G(d) was compared to a
high level ab initio benchmark for this reaction. It is concluded that B3LYP/6-31G(d) performs very well for this
reaction type, giving good estimates of critical energies. The reaction between acrolein and nitromethane was studied
in detail. The reaction mechanism revealed an intermediate oxazolidin structure, which is currently unknown. Alkyl
substitution in various positions on the amine catalyst or a,b-unsaturated carbonyl compound influences the reactivity
in a predictive fashion. The iminium ion, prop-2-en-iminium, is less activated towards nucleophilic attack compared to
protonated acrolein. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


During the last decade organocatalysis has developed to
become a significant branch of organic chemistry.1 By
employing small organic molecules as catalysts, scaf-
folds, and templates it is possible to achieve remarkable
enantioselectivity, yield, and atom-economy in important
organic transformations.2,3


The development of new reactions and better catalysts to
a large degree depends on empirism and the method of trial
and error. A more rational approach would be highly
advantageous in order to avoid unproductive use of time
and labor. However, rational design relies on the existence
of a vast portfolio of detailed mechanistic knowledge,
which involves tedious and time-consuming experimental
work. Some of this work is unavoidable, but there is hope it
may be reduced thanks to the rapid development of more
reliable quantum chemical tools for a priorimodeling. The
size and complexity of the chemical systems relevant to
organocatalysis are such that the most accurate quantum
chemical methods cannot be employed. Instead, more
approximate schemes for solving the Schrödinger equation
are used. The hybrid density functional theory approach
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. Box 1033, Blindern, N-0315 Oslo, Norway.
erud@kjemi.uio.no


7 John Wiley & Sons, Ltd.

known as B3LYP/6-31G(d) has become very popular
in this respect, and it is usually used in conjunction with
moderately sized or small basis sets. Quite large molecular
systems can be treated and the predictive power in terms of
enantioselectivity is surprisingly good judging from
published literature.4–6 This is most likely due to fortuitous
cancellation of errors and not the result of high inherent
accuracy of this approximate method. For this reason it
would be useful to learn more about how well the method
performs to different types of organocatalyzed reactions in
an absolute sense.


From this short discussion it turns out that it is
mandatory to investigate the strengths and inadequacies
of a given computational scheme before applying it to a
complex chemical problem. The performance of a
computational method can be fully tested only by
direct comparison with physical properties accurately
determined from experiments. For a chemical reaction the
most relevant measurable quantities will be barrier
heights and reaction energies. Unfortunately, these
quantities are usually not known for the elementary
reactions in question. For example, the role of solvent and
aggregation effects can make interpretation of kinetic
data quite difficult. In such cases, the second best is
therefore to conduct calculations for smaller model
systems and compare the performance of the method
against a high level ab initio benchmark. In this situation
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we are left with the option of studying the reaction in the
gas phase. Despite this obvious limitation, the results will
still be of interest in assessing the quality of the
calculation. Moreover, reactivity trends in terms of
substituent effects can be revealed even under the
idealistic conditions of the vacuum state.


One part of the field termed organocatalysis is the
nucleophilic addition to electron deficient C——C double
bonds.1 Michael acceptors are usually activated by
iminium ion formation prior to nucleophilic attack. Most
common Michael acceptors are a,b-unsaturated alde-
hydes and ketones.7–12 We have chosen to study the
addition of nitromethane to such molecules 13–16 and we
will try to work along the line of direction sketched out
above (Scheme 1).


The purpose of this work is mainly to assess the level of
accuracy of B3LYP/6-31G(d) for this type of reaction by
comparison with high level calculations. Besides this, we
would like to get some insight into the most important
factors which may modulate reactivity, namely the
influence of the catalyst on reaction energies and barrier
heights and to identify the factors influencing catalytical
activity. In addition, we were interested in how alkyl
substitution of the substrate molecule may affect
reactivity. We would like to point out that the present
work by no means is an attempt to model the complete
reaction sequence of organocatalyzed nucleophilic
addition in solution – a challenge we consider to be
formidable.


THEORETICAL METHODS


Quantum chemical calculations


Quantum chemical calculations were carried out using the
program system GAUSSIAN 03.17 All relevant critical
points (reactants, transition structures, intermediates, and
products) of the potential energy surface were charac-
terized by complete optimization of the molecular
geometries using the hybrid density functional scheme
B3LYP18 with the 6-31G(d) basis set, which is
abbreviated by B3LYP/6-31G(d) as well as Møller
Plesset perturbation theory (MP2)19 also with this basis
set. Relative energies (B3LYP and MP2) were calculated
by including unscaled zero-point vibrational energies
(ZPVE). The smaller model systems were also subject of
more accurate G3 or G3B3 type calculations.


We would like to emphasize that in some situations
there may exist several conformers of similar potential

Copyright # 2007 John Wiley & Sons, Ltd.

energy. Only the one considered the most important is
included in the discussion.


G3 theory20 is a composite computational scheme which
involves initial geometry optimizations at the HF/6-31G(d)
level and subsequent calculation of ZPVEs at the same level
of theory. Then the geometry is re-optimized at the
MP2(full)/6-31G(d) level whereupon a number of single-
point MP2, MP4, and QCISD(T) calculations are
performed in order to obtain an energy estimate which is
effectively at the QCISD(T)/G3 large level. G3B3 theory21


uses the same higher levels as G3, except that geometries
and frequencies are calculated using B3LYP/6-31G(d).
Relative energies obtained by G3 and G3B3 are almost
identical, provided structures are roughly the same for the
structure and frequency calculations.


RESULTS


For our particular reaction, only a few mechanistic details
are known from experiment.13–15 For similar reactions
catalyzed by secondary amines or amino acids under
similar conditions there is good evidence for the iminium
ion as the key reactive intermediate, although there are
indications that iminium ion formation sometimes may be
rate determining (Scheme 2, upper).22 Furthermore,
iminium ions have been observed during the course of
many similar reactions.23 Furthermore, it is assumed that
the nitroalkane in question (in our case nitromethane)
tautomerizes into the enol form (in our case methyle-
neazinic acid, 1) prior to the key carbon–carbon
bond-forming step. Usually, enolization is a limiting
step, since equilibrium is in favor of the keto form. The
actual reaction mechanism of nitroalkane addition in the
presence of an amine may be more complex than evident
from our treatment. For example, we do not yet know to
what extent enolization and iminium formation are
coupled to C—C formation and what role specific
solvation plays. These possible shortcomings do, how-
ever, not interfere with our main mission, which is
assessment of the B3LYP/6-31G(d) method. Despite this,
the results of the present study should anyway be
applicable and relevant to this and a wide range of similar
organocatalyzed reactions.
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Figure 1. Potential energy diagram for the addition of methyleneazinic acid (1) to acrolein (2). The relative energies are in
kJmol�1 and the order is B3LYP/MP2/G3. No minimum was located corresponding to 4a using B3LYP and HF. The latter
prevented a G3 calculation


208 M. BRUVOLL, T. HANSEN AND E. UGGERUD

Before investigating the catalyzed reaction itself, we
decided to take a look at the uncatalyzed congener.
Figure 1 illustrates how direct addition of the methyle-
neazinic acid (1) to acrolein (2) is likely to occur. The
transition structure (TS3/4b) is above the reactants in
energy, irrespective of theoretical level, indicating that the
gas phase reaction should not be observed in experiment.
In between the separated reactants and the transition
structure (TS) there is a hydrogen bonded intermediate
(3), for which the chemical role is rather unimportant, but
which is required to explain the local topography of this
part of the potential energy surface. The intermediate (4b)
found on the product side is more chemically significant.
The five-membered ring formed, an isoxazolidin, is the
result of a nucleophilic attack of the double bond in
methyleneazinic acid on the b-carbon of acrolein
followed by an aldol-like intramolecular ring closure.
Formally, the intermediate 4b can also be formed through
a [3þ 2] cycloaddition reaction. Although the isoxalo-
lidin skeleton is previously known,24 the N—OH variant
is new, at least to the limitation of our awareness. Since it
is the minimum energy structure, it could be possible to
isolate it given the suitable conditions. Opening the ring
provides the open chain product 4a, which is the
anticipated addition product. It is quite unclear whether
this zwitterionic structure actually has any existence in
the gas phase. Neither HF nor B3LYP gives an energy
minimum, which also explains why there is no entry for

Copyright # 2007 John Wiley & Sons, Ltd.

G3 in this case. Only with MP2/6-31G(d) a shallow
potential energy minimum was located. The MP2/
6-31G(d) transition structures to cyclization to the
isoxazolidin (4b) (not indicated in the diagram) and
proton transfer to the far more stable 4-nitrobutanal
structure (not indicated in the diagram) are marginally
above 4a. Both are easily reached through rotations
around C—C bonds corresponding to barriers of a few
kJmol�1.


Not unexpectedly, protonation of acrolein activates the
molecule for nucleophilic addition (Fig. 2). Comparing
the data of Figs 1 and 2 shows that the barrier for the
critical C—C bond-forming step decreases by approxi-
mately 100 kJmol�1 upon protonation. There is a slight
complication in the mechanistic picture; since it turns out
there is a barrier for the association to form 7c for B3LYP,
but not for MP2. However, this finding may not be as
discouraging as it appears in the first place, since both
methods show that TS6a/6b is highest in energy and that
this structure is far below the reactants in energy. The only
difference is that there is a monotonic downhill path for
C—C bond formation for MP2 from the association
complex 6b, while for B3LYP there is a small barrier for
first passing through TS6b/7c. Whether this topographic
detail is of big relevance to the actual reaction trajectories
is questionable. We note that the isoxazolidin 7b and a
similar structure for which the C—C bond is elongated,
7c, are of similar energy. We locate a transition structure
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Figure 2. Potential energy diagram for the addition of methyleneazinic acid (1) to protonated acrolein (prop-2-en-oxonium, 5).
The relative energies are in kJmol�1 and the order is B3LYP/MP2/G3B3. No minimum for 6b or saddle point for TS6b/7c was
located using MP2
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for complete ring closure, TS7c/7b. The fully open chain
adduct, 7a, is also more favorable than in the
non-protonated case.


The potential energy surfaces of addition to protonated
acrolein (5) and the corresponding iminium ion, pro-
p-2-en-iminium (8) are similar (Figs 2 and 3). The major
difference is that the latter is somewhat less activated for

Figure 3. Potential energy diagram for the addition of methylene
are in kJmol�1 and the order is B3LYP/MP2/G3B3. The minimum
were only found with MP2


Copyright # 2007 John Wiley & Sons, Ltd.

C—C bond formation, although still very favorably, since
all products, intermediates, and transition structures also in
this case are below zero. At all levels of theory the
isoxazolidin ring structure 10b is the most advantageous.
The half-open structure 10c is a minimum with MP2, but
not with B3LYP. The fully open structure 10awas found to

azinic acid (1) to prop-2-en-iminium (8). The relative energies
for 10c and the corresponding saddle point for TS10c/10b
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be a minimum at all levels of theory employed. The key
transition structures are illustrated in Figure 4.


At this stage we are in the position to estimate the
performance of MP2/6-31G(d) and B3LYP/6-31G(d) by
comparison to the high level extrapolations provided by
G3 and G3B3. We find that the hydrogen bonded species
3, 6a, and 9a give highly uniform results at all three
levels. It is also clear that the relative transition structure
energies calculated with B3LYP/6-31G(d) are close to the
corresponding G3 and G3B3 numbers. This is encoura-
ging. We observe that the TS for C—C formation step is
underestimated by ca. 20 kJmol�1 using MP2 compared
to G3 or G3B3. We have observed the same tendency
for SN2 reactions previously.25 The other structures
B3LYP and MP2, on an average, deviate from G3 and
G3B3 by the same amount. We have also seen in flat
regions of the potential energy surface, a given structure
may be a minimum or a saddle point depending on the
level of theory. With the limited amount of data it is
difficult to judge which is most correct in this respect,
MP2 or B3LYP.


Despite the differences in performance of B3LYP and
MP2, in particular to the fine points of C—O formation, the
results give a quite consistent picture of the mechanism
when applied to the models systems investigated.
Protonation of acrolein increases reactivity, in agreement
with the expectation. It is clear that iminium ion formation
also is very favorable. The findings of the MP2 and B3LYP
calculations are also in full harmony with the results

Figure 4. Transition structures of highest energy for each of the
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obtained by assessing the isoxazolidin ring structure to be
at the potential energy minimum on the product side.


In catalysis, specificity is a key issue. It is necessary to
find a compound that enhances the rate of the reaction
without being consumed, but this is not a sufficient
criterion for being an ideal catalyst. In order to provide
one specific product in large excess, a balance in
reactivity has to be found. In the examples above, we
noted how hydroxonium ions are very reactive. Therefore,
strictly speaking, the proton is a good catalyst. However,
it has been demonstrated in practice that the somewhat
less reactive immonium ions are more suitable by
providing a controllable environment for catalyst
functionality in terms of high flexibility for structural
modification of the amine used to produce the reactive
iminium intermediate. It would therefore be valuable to
get some insights into how various simple modifications
of the amine affect the electronic environment. In
addition, it is of general interest to see how alkyl
substitution of the substrates modifies their reactivity.


For the above mentioned reasons we conducted B3LYP
calculations of the model systems shown in Fig. 5 and
Table 1. By comparing the figures in the second last
column of Table 1, we observe that methyl substitution in
the various positions influences reactivity in a highly
predictive fashion when compared to the original
unsubstituted prop-2-en-iminium (reaction 3). The largest
influence is due to a methyl bonded directly to the
terminal carbon, which is the electrophilic center of attack

reactions described in Figs 1, 2, and 3
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Figure 5. General potential energy diagram illustrating the influence on reactivity of methyl group substitution in the iminium
ion. The data are presented in Table 1
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(reaction 5). The presence of the electron-donating
methyl increases the barrier substantially. Methyls
bonded to the alpha carbon (reaction 4) and to the
nitrogen (reaction 6) also decrease reactivity quite
significantly – and the more remote substitution, the less
is the effect. There is good qualitative correlation between
the barrier height and the Mulliken charge of the
electrophilic center (carbon no. 3) – the less positive
charge, the less reactive. When we compare the effect of
di- and trisubstitution (reactions 7–10), we note that the
effects are additive, albeit not in the strict arithmetic
sense.


The amino acid (S)-proline is a secondary amine,
which is often used to accomplish interesting organoca-
talytic transformations of carbonyl compounds, being
both easily available and enantiomerically pure. Even if
the carbonyl substrate is not chiral, use of proline as a
catalyst may induce formation of a chiral center. This
phenomenon can be explained by postulating an iminium

Figure 6. B3LYP/6-31G(d) transition structures for the n
2-carboxy-1-propylidenepyrrolidinium (39). The TS resulting from
40), reaction 10A is illustrated in the left hand panel, while TS39/4
opposite side is shown on the right side
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ion intermediate for which the space above and below the
plane defined by the three carbon atoms bonded to
nitrogen must be chemically different (see Fig. 6). By
entering the upper hemisphere the nucleophile is likely to
interact with the carboxylic group in the transition state,
while this will not happen in the lower hemisphere.
Depending on the type of the interaction with the
—COOH group, this may enhance or decrease formation
of the corresponding one enantiomeric product. Besides
the stereochemical role played by the carboxylic group,
the electron density of the substrate is affected by
formation of an iminium from the substrate and the
secondary amine.


Figure 6 shows the two stereoelectronically distinct
transition structures located for the reaction between the
proline iminium derivative of acrolein, 2-carboxy-1-
propylidenepyrrolidinium (39). Before addressing the
interactions between the nucleophile and the carboxyl
group in more detail, we will first take a look at how the

ucleophilc addition of methyleneazinic acid (1) to
attack from the same side as the carboxylic acid (TS39/


0’ of reaction 10B in which the nucleophile attacks from the
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Table 1. Reaction energies of nucleophilic additions to iminium ions (see Fig. 5 for reference)


Reaction no. Product structure R1 R2 R3 R4 ETS EPR


3 10b H H H H �31 �88
4 14 CH3 H H H �12 �85
5 18 H CH3 H H 1 �46
6 22 H H CH3 H �18 �89
7 26 H CH3 CH3 H 13 �52
8 30 H H CH3 CH3 �12 �90
9 34 H CH3 CH3 CH3 31 �51
10A (cis-add) 40 H H (S)-proline �16 �36a


10B (trans-add) 40’ H H (S)-proline �9 �90


Energies are in kJmol�1 and were obtained by B3LYP/6-31G(d) including zero point vibrational energies.
A negative energy value means that the corresponding species is more stable than the separated reactants. Energies are relative to the reactants being at zero.
a Not cyclic.
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proline ring affects the electronic properties. From Fig. 6,
we notice that the transition structure for attack from the
lower side (reaction 10B) is free from any steric effect of
the carboxylic acid part. This result is a relative TS energy
of �9 kJmol�1. This is close to the relative TS energy of
reaction 8, that is, �12 kJmol�1. We therefore conclude
that the electronic influences of the two secondary amines
dimethyl amine and proline are very similar.


The polar tail of the nucleophile methyleneazinic acid
has the potential to act as both a hydrogen donor and a
hydrogen bond acceptor, and is therefore likely to interact
positively with the carboxylic acid in a pre-equilibrium
step, forming a hydrogen bonded dimer. For this reason
alone one might eventually anticipate formation of only
the product 40. This is obviously an oversimplification
and it is more likely that the C—C bond formation step
itself is rate determining. In that case the relative energies
of TS39/40 and TS39/40’ will be decisive (Fig. 5), and
the key question is therefore whether the hydrogen
binding is of advantage or disadvantage in this situation, a
matter which is not as evident as it could appear in the first
place. Only comparison of our B3LYP estimates can
provide an answer. From Table 1 we see that the
calculations indicate that the interaction is positive and
TS39/40 is preferred by 7 kJmol�1. This is of course not a
large amount and we should be careful not to overstate the
result.

CONCLUSION


The present model calculations were primarily not
intended for providing accurate descriptions of a real
experimental situation. The idea was to probe the
accuracy of the popular and computationally inexpensive
DFT method B3LYP/6-31G(d) in the bond formation step
during organocatalyzed nucleophilic addition. This was
achieved by comparing the results of B3LYP/6-31G(d)
calculations with those of the high level method G3. In
addition, we wanted to learn more about how systematic
structural modification affects reactivity. In all aspects

Copyright # 2007 John Wiley & Sons, Ltd.

B3LYP/6-31G(d) performs surprisingly well. Important
qualitative details of the potential energy surfaces are in
very good qualitative agreement. Moreover, near quan-
titative agreement was found for the energies of
intermediates and transition structures. A systematic
investigation of catalyst action was conducted for both
acid catalyzed reactions and iminium ion catalysis. The
effect of methyl substitution in the substrate was studied
and was found to decrease the reactivity, in particular at
the site of electrophilic carbon being attacked.


We were also interested to see how B3LYP/6-31G(d) is
able to predict enantioselectivity. In this regard it is
important that non-bonding interactions are treated
correctly to reproduce largely steric effects. Hydrogen
bond interactions appear to be quite well described with
B3LYP/6-31G(d) for the present systems. This is in
agreement with Tsuzuki and Lüthi.26 However, these
authors report a general tendency for underestimating this
type of intermolecular interaction. The same authors
report that B3LYP also underestimates the attractive part
of alkyl/alkyl interactions. In this respect PW91 is better.
Despite these shortcomings, the prospect of getting useful
mechanistic insight for the purpose of rational design of
catalyst for enantioselective reactions seems very good.
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ABSTRACT: The gaseous standard molar enthalpies of formation of two 2-R-3-methylquinoxaline-1,4-dioxides
(R¼ benzoyl or tert-butoxycarbonyl), at T¼ 298.15 K, were derived using the values for the enthalpies of formation
of the compounds in the condensed phase, measured by static bomb combustion calorimetry, and for the enthalpies of
sublimation, measured by Knudsen effusion, using a quartz crystal oscillator. The three dimensional structure of
2-tert-butoxycarbonyl-3-methylquinoxaline-1,4-dioxide has been obtained by X-ray crystallography showing that the
two N—O bond lengths in this compound are identical. The experimentally determined geometry in the crystal is
similar to that obtained in the gas-phase after computations performed at the B3LYP/6-311þG(2d,2p) level of theory.
The experimental and computational results reported allow to extend the discussion about the influence of the
molecular structure on the dissociation enthalpy of the N—O bonds for quinoxaline 1,4-dioxide derivatives. As found
previously, similar N—O bond lengths in quinoxaline-1,4-dioxide compounds are not linked with N—O bonds having
the same strength. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: thermochemistry, bond dissociation energies, density functional theory calculations, nitrogen—oxygen bonds

INTRODUCTION


Quinoxaline 1,4-di-N-oxide derivatives are key structures
in a large variety of biochemical processes and this
justifies the biological and industrial significance of that
group of compounds. In the last two decades, they have
been synthesized and evaluated with the objective of
determining the influence of different substituents in
positions 2 and 3 of the quinoxaline ring on their
biological activity.1–6


In fact, the quinoxaline 1,4-dioxides are a group of
synthetic antibacterial agents largely used as medicinal
feed additives7,8 and they are also used as bioreductive
cytotoxic agents/species.9–11 Several compounds derived
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from quinoxaline 1,4-dioxide, which were activated
under hypoxic conditions, are at different stages of
development to be used as drugs. These compounds are
thought to be active due to the creation of cytotoxic
radicals formed after N—O bond cleavage taking place in
these N-dioxide compounds. Accordingly, the knowledge
of the energetics of the N—O bonds in this class of
compounds has a fundamental importance for the
characterization of their behavior. Therefore, the thermo-
chemical study of heterobicyclic molecules derived from
quinoxaline N,N0-dioxide has been receiving special
attention,12–16 aimed at construction of relationships
between the energetic and structural properties with the
reactivities of such compounds,15,17 in order to clarify the
chemical behavior of this class of molecules.


The present work reports the standard (po¼ 0.1 MPa)
molar enthalpies of formation, in the gaseous state, at
T¼ 298.15 K, for two quinoxaline 1,4-dioxides deriva-
tives, namely, 2-benzoyl-3-methylquinoxaline-1,4-dioxide
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Figure 1. Structural formulas for 1, 2-benzoyl-3-methyl-
quinoxaline-1,4-dioxide, 2, 2-tert-butoxycarbonyl-3-methyl-
quinoxaline-1,4-dioxide, 3, 2-benzoyl-3-methylquinoxaline
and, 4, 2-tert-butoxycarbonyl-3-methylquinoxaline


492 J. R. B. GOMES ET AL.

and 2-tert-butoxycarbonyl-3-methylquinoxaline-1,4-
dioxide, represented in Figure 1. Those values were
calculated from the experimental values of the enthalpies
of combustion of the crystalline compounds and their
enthalpies of sublimation. The experimental measure-
ments were performed using static bomb calorimetry and
Knudsen effusion techniques.


Density functional theory (DFT) calculations have been
performed using the same approach used in other
works13,14,16 regarding the computation of the gas-phase
N—O bond dissociation enthalpies (BDEs). From the
consideration of the N—O (BDEs) for 1 and 2 and also of
their standard molar gas-phase enthalpies of formation,
DfH


o
m(g), it was also possible to estimate the DfH


o
m(g) for


compounds 3 and 4.
The crystal structure of compound 2 has been obtained


by X-ray crystallography and the structural data, in clear
agreement with the parameters coming from the DFT
computations, are interpreted jointly with the mean N—O
BDEs.


EXPERIMENTAL


Synthesis and characterization of compounds


Compound 1 was prepared by slow addition of
(benzoylacetoneþ triethylamine) solution to a warm
triethylamine solution containing benzofuroxan accord-
ing to the published method of Haddadin et al.18 The
resulting solution was stirred for 24 h at ambient room
temperature. The crude product was collected by vacuum
filtration and washed with chilled triethlamine. The
compound was further purified by three crystallizations
from anhydrous methanol. Elemental analyses were in
excellent agreement with calculated values: mass fraction
for C16H12N2O3: found C, 0.6866, H, 0.0428, N, 0.1011;
calculated: C, 0.6856, H, 0.0432, N, 0.0999.


Compound 2 was prepared from benzofuroxan and
tert-butyl acetoacetate, following the method described
by Robertson and Kasubick.2 Benzofuroxan was sus-
pended in isopropanol in a round-bottom flask, tert-butyl
acetoacetate was added and the suspension was heated to

Copyright # 2007 John Wiley & Sons, Ltd.

333 K in a water-bath. Calcium hydroxide was added
portion-wise to the warm mixture, which immediately
turned into an orange solution. A condenser was adapted
to the flask and the reaction proceeded for 2.5 h, with
monitoring by thin-layer chromatography. The crude
product precipitated as a yellow solid directly from the
reaction mixture upon cooling, being collected by suction
filtration, rinsed with cold isopropanol, and recrystallized
from methanol. Interestingly, large and well-defined
crystals of pure 2 could be additionally isolated upon slow
(over 1 week) evaporation of the remnant methanolic
mother-liquor. Pure compound 2 was isolated as a bright
yellow solid with correct spectroscopic and analytical
data, as follows: dH (CDCl3, 300 MHz): 8.55 (dd,
J¼ 7.16 Hz; J¼ 2.13 Hz, 1H), 8.51 (dd, J¼ 7.13 Hz,
J¼ 2.23 Hz, 1H), 7.81 (td, J¼ 7.03 Hz, J¼ 1.77 Hz, 1H),
7.76 (td, J¼ 7.03 Hz, J¼ 1.77 Hz, 1H); 2.53 (s, 3H), 1.62
(s, 9H); dC (CDCl3, 75 MHz): 158.68, 138.63, 137.76,
136.89, 136.14, 132.29, 131.36, 120.25, 120.10, 86.26,
29.67, 27.98, 27.29; 14.17; mass fraction for
C14H16N2O4: found C, 0.6089; H, 0.0595; N, 0.1011;
calculated: C, 0.6086, H, 0.0584, N, 0.1014.


It should be emphasized that the control of reaction time
is quite important for the successful synthesis of 2, as
maximum yield is achieved within 2.5 h; in our hands,
longer reaction times led to loss of the tert-butyl ester
group, that is, conversion of 2 into 2-methyl-quinox-
aline-1,4-dioxide to a significant extent, as confirmed by
1H-NMR, 13C-NMR and elemental analysis (data not
shown) of reaction products. It is also noteworthy that, in
our hands, using Ca(OH)2 as the base catalyst2 for the
synthesis reaction led to significantly improved yield and
purity, as compared to syntheses carried out using
morpholine3–5 or triethylamine4–6 as base catalysts. The
synthesis of 2 has been recently described by Jaso et al.6


who also used benzofuroxane and tert-butyl acetoacetate
as starting materials; their procedure was based in the
addition of 4 Åmolecular sieves to a methanolic solution of
those reactants, after which the methanol was evaporated at
2938C and the reaction allowed to proceed at 3638C on the
surface of the molecular sieves for about 1 h, without
drying. However, this synthetic method gave the desired
compound 2 with only a 3% yield, after purification.


The average ratio of the mass of carbon dioxide
recovered after combustion experiments to that calculated
from the mass of samples (1: 0.9996� 0.0008, and 2:
0.9997� 0.0004) confirmed the composition of the
samples. The thermal behavior of the compounds were
studied by differential scanning calorimetry. The thermo-
grams show that there is no transition phase before the
melting temperatures: 488 K (with decomposition) and
418 K, respectively for 1 and 2.


Structural determination of 2


Single crystals of C14H16N2O4 were obtained during the
synthesis of the compound, mounted on top of a
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fiberglass, and transferred to the diffractometer. Diffrac-
tion data were collected at 293 K with a Stoe IPDS plate
equipped with MoKa radiation (l¼ 0.71073 Å).

Calorimetric measurements


The energies of combustion of 1 and 2 were measured
with a static bomb calorimeter, with a twin valve bomb
and an internal volume of 0.290 dm3, assembled originally
in Teddington,19,20 and now installed in Thermochemistry
Laboratory, at the University of Porto.21 The energy
equivalent of the calorimeter was determined from the
combustion of benzoic acid (BDH Thermochemical
Standard, batch 693976/01) having a massic energy of
combustion, under standard bomb conditions, of
�(26435.1� 3.5) J � g�1. The calibration results were
corrected to an energy equivalent e(calor) corresponding
to an average mass of water added to the calorimeter of
2900.0 g. Seven calibration experiments were made in
oxygen atmosphere at p¼ 3.04 MPa, with 1.00 cm3 of
water added to the bomb, leading to an energy equivalent
of the calorimeter e(calor)¼ (15551.6� 2.6) J �K�1,
where the uncertainty quoted is the standard deviation
of the mean.


The samples were ignited, in pellet form, in oxygen
atmosphere (p¼ 3.04 MPa) at T¼ 298.15 K, with
1.00 cm3 of water inside the bomb. The small amount
available for 2 led us to use n-hexadecane as an auxiliary
combustion material (standard massic energy of combus-
tion, Dc u


o¼�(47160.8� 4.1) J � g�1) in the combustion
experiments, in order to produce an appropriate increase
of temperature. For the cotton thread fuse of empirical
formula CH1.686O0.843, Dc u


o¼�16250 J � g�1.22 Correc-
tions for nitric acid formation were based on
�59.7 kJ � g�1 for the molar energy of formation of 0.1
mol � dm3 HNO3(aq) from N2(g), O2(g), and H2O(l).23 At
T¼ 298.15 K, (@u/@p)T for the solid was assumed to be
�0.2 J � g �1 �MPa�1, a typical value for organic solids.
The amount of compound burnt in each experiment was
determined from the total mass of carbon dioxide
produced after allowance for that resulted from the
cotton thread fuse and n-hexadecane. For each exper-
iment, the value of Dcu


o was calculated by using the
procedure given by Hubbard et al.24 The relative atomic
masses used throughout this paper were those recom-
mended by the IUPAC Commission in 2001.25

Knudsen effusion technique


For both 2-R-3-methyl-quinoxaline-1,4-dioxide deriva-
tives, the respective standard molar enthalpies of
sublimation were determined using a quartz crystal
microbalance,26,27 by the Knudsen effusion method. The
effusion system was previously tested with three
compounds (benzanthrone, squaric acid, and

Copyright # 2007 John Wiley & Sons, Ltd.

4-hydroxy-2-methylquinoline), and there was an excel-
lent agreement among the results obtained with those
reported in the literature. The vapor effusing from the
Knudsen cell was allowed to condense on a quartz crystal
positioned above the effusion hole; changes in the
frequency of oscillation of the quartz crystal, Df, were
proportional to the mass condensed in its surface,28


Df¼CfDm, where Cf is a proportionally constant. From
the Knudsen equation, the vapor pressure is given by Eqn
(1), where (Dm/Dt) is the rate of mass loss, a is the
effective area of the effusion hole, and M is the molar
mass of the effusing vapor.


p ¼ Dm=Dtð Þ � a�1 � 2pRT=Mð Þ1=2
(1)


The measured rate of change of frequency of
oscillation with time, n¼Df/Dt, is directly proportional
to the rate of sublimed mass of the crystalline
sample,28n¼Cf Dm/Dt, so it is possible to establish the
Eqn (2), relating directly the vapor pressure with n.


p ¼ n � T1=2 � 2pR=Mð Þ1=2


a � Cf


(2)


Using the integrated form of the Clausius–Clapeyron
equation, the enthalpy of sublimation, Dg


crH
o
m, is derived


from the slope of ln(n T½) against T�1. From at least five
independent sets of experimental measurements of the
frequency of the quartz oscillator for each compound, at
convenient temperature intervals, it was possible to obtain
independent results for the enthalpy of sublimation of
each compound, referenced to the mean temperature of
the experimental range.

Theoretical details


The Gaussian 03 suite of program29 has been used to
compute, at the B3LYP level of theory,30 structural and
energetic details for all compounds considered here. The
density functional theory based B3LYP method uses the
exchange functional introduced by Becke in 1988
together with the LYP correlation functional of Lee
et al.31,32


The atomic electron density of hydrogen, carbon,
nitrogen, and oxygen atoms has been described with two
different basis sets. The 6-31G�(d) basis set has been used
to fully-optimize the geometry of all compounds and to
compute the vibrational frequencies. The absence of
negative frequencies ensured that all structures were
minima on the potential energy surface. These calcu-
lations permitted us to extract the thermal corrections for
T¼ 298.15 K as well as to obtain structural guesses for the
calculations performed with a larger basis set. The larger
basis set was the 6-311þG(2d,2p) basis set, which was
used only for the full-optimization of the structures of all
compounds. Finally, the enthalpies of all compounds
were obtained by combining the energy coming from the
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calculations completed at the highest level of theory and
the thermal corrections retrieved from the scaled
vibrational frequency (factor¼ 0.98) calculations per-
formed at the B3LYP/6-31G(d) level. For the open-shell
species, namely the gas-phase oxygen atom, the unrest-
ricted UB3LYP approach has been employed both for the
calculation of the total energy and corresponding thermal
corrections.

Table 1. Typical combustion experiments for 1 and 2, at
T¼298.15 K

RESULTS AND DISCUSSION


Crystal structure determination of C14H16N2O4


The crystal structure of C14H16N2O4 was solved using
SHELXS33 and refined using SHELXL34 program. C5 to
C8-bound hydrogen atoms were refined freely with
isotropic displacement parameters while all of the
hydrogen’s from the methyl groups were positioned with
idealized geometry and refined riding on their parent C
atoms at distances of 0.93 Å, with Uiso (H)¼ 1.2 Ueq (C).
Tables containing the final fractional coordinates,
temperature parameters, bond distances, and bond angles
are deposited with the Cambridge Crystallographic Data
Centre (CCDC reference number 633371). Briefly, the
most important details for this crystallographic structure
are: M¼ 276.29, monoclinic, a¼ 5.9167(18) Å, b¼
9.708(5) Å, c¼ 12.051(4) Å, U¼ 690.7 Å3, T¼ 290 K,
space group P21 (no. 4), Z¼ 2, m(Mo-Ka)¼
0.099 mm�1, 8018 reflections measured, 1737 unique
(Rint¼ 9.84) which were used in all calculations. The final
R(F2) was 0.056 and the final wR(F2) was 0.152 (all data).


A perspective view of the compound, obtained using
ORTEP35 and showing the atomic numbering scheme is
presented in Figure 2. The N1—O1 and the N2—O2 bond
lengths are 1.286(2) Åand 1.288(2) Å, respectively, which
are in the upper limit of the data retrieved for 158 N—O
groups, with N belonging to a ring system (the N—O
distance ranges between 1.22–1.31 Å) from the crystal
structures deposited in the Cambridge Crystallographic
Data Base. Moreover, these N—O distances are in good

Figure 2. View of the molecular structure of C14H16N2O4,
showing the atom-labeling scheme. Displacement ellipsoids
are drawn at the 50% probability level. Hydrogen atoms are
represented by circles of arbitrary size


Copyright # 2007 John Wiley & Sons, Ltd.

agreement with those of other quinoxaline-1,4-dioxide
derivatives;36–42 a total of 10 crystal structures are
available in the Cambridge Crystallographic Data Base
and the N—O distances range between 1.28–1.31 Å. In
three of these compounds,36–38 the crystallographic
packing leads to hydrogen bonds involving the oxygen
atom of the N—O group, which may contribute to the
elongation of this bond. This is the case for
2-(N-(2-hydroxyethyl)carboxamide)-3-methylquinoxali-
ne 1,4-dioxide,36 very similar to 2, that displays N—O
distances of 1.286 and 1.304 Å. However, the N—O group
with a bond length of 1.304 Å is involved in an
intermolecular hydrogen bond with the N—H bond of
the N-(2-hydroxyethyl)carboxamide. In compound 2,
there is no evidence for intermolecular hydrogen bonding
involving the oxygen atoms. Another synthesized
heteroaromatic N-oxide with high similarity to 2 is
2-methyl-3-carboethoxyquinoxaline.39 The crystal struc-
ture of this compound shows that there are no hydrogen
bonds in the crystal packing and that the N—O bond
lengths are slightly longer (1.292 and 1.303 Å) than the
N—O bond lengths in 2.

Calorimetric studies


The standard enthalpies of formation in condensed phase,
at T¼ 298.15 K, for the two quinoxaline 1,4-dioxide
derivatives were calculated from the respective massic
energies of combustion, Dc u


o, determined by static bomb
calorimetry. Typical results for one combustion exper-
iment of each compound are presented in Table 1. The
energy involved in the isothermal bomb process, DU(IBP),
after ignition of the samples at T¼ 298.15 K, is derived
from Eqn (3), where DTad is the calorimeter temperature
change corrected for heat exchange and the work of
stirring, Dm(H2O) is deviation of the mass of water added
to the calorimeter from 2900.0 g (the mass assigned for

1 2


m(CO2, total)/g 1.17997 1.61510
m(cpd)/g 0.46797 0.44734
m(hexadecane)/g — 0.19711
m0(fuse)/g 0.00265 0.00282
DTad/K 0.86723 1.37144
ef/(J K�1) 13.71 14.94
Dm(H2O)/g �0.10 1.20
�DU(IBP)/Ja 13497.77 21354.93
DU(HNO3)/J 31.04 32.24
DU(ign)/J 0.61 0.60
DUS/J 9.65 10.57
DU(hexadecane)/J — 9296.06
DU(fuse)/J 43.10 45.80
�Dcu


o/J g�1 28664.19 26758.75


aDU(IBP) already includes the DU(ign).
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e(calor)), DUS is the correction to the standard state and
the remaining terms were previously described.24


DUðIBPÞ ¼ � " calorð Þ þ cp H2O; lð Þ � Dm H2Oð Þ þ "f


� �


DTad þ DU ignð Þ
(3)


The corresponding values of the standard molar energy,
of combustion, DcU


0
m(cr), and the standard molar


enthalpy of combustion, DcH
0
m(cr) were calculated using


the mean values of massic energy of combustion, Dcu
oh i,


of the crystalline compounds, at T¼ 298.15 K. The value
of the standard molar enthalpy of formation in the
crystalline state for each of the compounds, DfH


o
m(cr),


was calculated using the corresponding value for
DcH


o
m(cr) and the values for the standard molar


enthalpies of formation for H2O(l) and for CO2(g) taken
from the literature,43 �(285.83� 0.04) kJ �mol�1 and
�(393.51� 0.13) kJ �mol�1, respectively. Table 2 pre-
sents a resume of the final results of these parameters
derived for the two compounds.

Table 2. Derived standard (po¼0.1 MPa) molar energies of com
DcH


o
m, and standard molar enthalpies of formation, DfH


o
m, for cr


Compound


�Dcu
o


J � g�1


�DcU
o
mðc


kJ �mol�


1 28666.5� 5.6 8034.7�
2 26758.5� 8.2 7393.1�


Table 3. Parameters of Clausius–Clapeyron equation and stan
153.8� 1.8 kJ �mol�1


Exp. T/K hTi/K a �b/


1 393.1–408.1 400.7 46.57� 0.29 18039
2 394.6–403.5 399.2 46.47� 0.55 17993
3 383.1–398.1 390.7 45.75� 0.93 17754
4 385.7–400.6 393.2 46.19� 0.16 1794
5 381.6–396.8 389.2 45.14� 0.52 17539
6 386.5–401.7 394.2 46.96� 0.43 18252


Table 4. Parameters of Clausius–Clapeyron equation and stan
164.1� 1.8 kJ mol�1


Exp. T/K hTi/K a �b/


1 363.2–372.3 367.8 53.94� 1.82 19252
2 359.2–371.1 365.3 54.20� 1.45 19146
3 362.2–370.1 366.2 55.63� 1.08 19701
4 357.3–369.7 363.4 54.05� 1.09 19110
5 356.7–369.2 363.3 54.97� 2.66 19444
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Knudsen effusion measurements


The results for the determination of the standard molar
enthalpies of sublimation of 1 and 2, obtained by the
Knudsen method, are summarized in Tables 3 and 4,
respectively, together with the mean temperatures of the
experimental ranges and the standard molar enthalpies of
sublimation at these mean temperatures, Dg


crH
o
m (hTi); the


parameter of the Clausius–Clapeyron equation corre-
sponding to the slope was obtained using a least square
fitting of the experimental data. The value of Dg


crH
o
m (hTi)


was corrected to T¼ 298.15 K assuming Dg
crC


o
p;m ¼


�50 J �K�1 �mol�1,26 yielding the final Dg
crH


o
m. The


uncertainties assigned are twice the overall standard
deviations of the mean.

Experimental gaseous standard molar
enthalpies of formation


The experimental results for the standard molar
enthalpies of formation and sublimation of crystalline

bustion, DcU
o
m, standard molar enthalpies of combustion,


ystalline 1 and 2 compounds at T¼298.15 K


rÞ
1


�DcH
o
mðcrÞ


kJ �mol�1


DfH
o
mðcrÞ


kJ �mol�1


4.3 8035.9� 4.3 24.8� 4.3
5.3 7395.6� 5.3 � 400.2� 5.6


dard enthalpies of sublimation for 1: Dg
crH


o
m(298.15 K)¼


K�1 r


Dg
crH


o
mðhTiÞ


kJ �mol�1


Dg
crH


o
mð298:15 KÞ


kJ �mol�1


� 115 0.9999 150.0 155.1
� 220 0.9998 149.6 154.6
� 363 0.9992 147.6 152.2
5� 67 0.9999 149.2 153.9
� 203 0.9997 145.8 150.4
� 168 0.9998 151.7 156.5


dard enthalpies of sublimation for 2: Dg
crH


o
m(298.15 K)¼


K�1 r


Dg
crH


o
mðhTiÞ


kJ �mol�1


Dg
crH


o
mð298:15KÞ


kJ �mol�1


� 667 0.9988 160.1 163.6
� 533 0.9992 159.2 162.5
� 393 0.9994 163.8 167.2
� 397 0.9991 158.9 162.1
� 968 0.9963 161.7 164.9
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Table 5. Derived standard (po¼0.1 MPa) molar enthalpies
of formation, DfH


o
m, and standard molar enthalpies of sub-


limation, Dg
crH


o
m, for compounds 1 and 2 at T¼298.15 K


Compound


DfH
o
mðcrÞ


kJ �mol�1


Dg
crH


o
m


kJ �mol�1


DfH
o
mðgÞ


kJ �mol�1


1 24.8� 4.3 153.8� 1.8 178.6� 4.7
2 � 400.2� 5.6 164.1� 1.8 � 236.1� 5.9


Figure 4. First, second, and total (N–O) bond dissociation
enthalpies for (a) compound 1 and (b) compound 2. All
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1 and 2 allow us to calculate the gaseous enthalpies of
formation, at T¼ 298.15 K, for these quinoxaline 1,4-
dioxides derivatives. The final standard molar enthalpies
of formation,DfH


o
m, in both crystalline and gaseous states,


as well as the standard molar enthalpies of sublimation,
Dg


crH
o
m, at T¼ 298.15 K, for the two compounds are


summarized in Table 5.

values are in kJ �mol�1

Computed geometries and N—O bond
dissociation enthalpies


The present DFT approach was previously found to be
suitable for the optimization of the structures of
these kinds of compounds.13 Views of the B3LYP/
6-311þG(2d,2p) fully-optimized geometries of 1 and 2
are depicted in Figure 3 where selected bond lengths and
angles are also included. The bond lengths and angles
are very similar for both compounds suggesting that the
influence of the R group (see Figure 1) is almost the same
in both cases. The largest differences are found for
the C——O and C(——O)—C bond lengths but, even in
these two cases, they are lower than 0.01 Å. The
comparison between the experimental and computational
geometries for 2 reveals that the DFT method yields bond
lengths that almost match the experimental results. Again,
the largest difference in bond lengths is found for the C——
O group. The X-ray result is 1.191 Å while the B3LYP/
6-311þG(2d,2p) value is 1.204 Å. The experimental
NCCO dihedral angle, white dotted line in Figure 3, is
109.38 while the computed value is only 101.48 which is a
consequence of the different physical state of the
molecule in experimental and computational investi-
gations. In the X-ray experiments, the lateral intermo-
lecular interactions in the packed crystalline state are

Figure 3. B3LYP/6-311þG(2d,2p) optimized structures of compo
are in Å and in degrees, respectively
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probably the cause for a COR moiety that is less normal
with respect to the quinoxaline ring. Interestingly, the
N—O bonds lengths seem to be unaffected if the bond is
adjacent to a —CH3 or to a —COR group.


The B3LYP/6-311þG(2d,2p)//B3LYP/6-31G(d) values
for the first, second, total, and mean N—O bond
dissociation enthalpies for compounds 1 and 2, and
corresponding derivatives, are given in Figure 4. The
gas-phase calculations suggest that, in principle, both
compounds will have a similar behavior regarding their
promptness to form active cytotoxic radicals. In fact,
these two bulky R groups have been chosen in order to see
if at least one of the N—O bonds was weakened, lowering
the energy required to cleave the bond and, in principle,
leading to easy formation of active cytotoxic radicals.
However, the enthalpies of dissociation are nearly the
same as those computed previously for 2-ethoxy-
carbonyl-3-methylquinoxaline-1,4-dioxide (R group in
Figure 1 is —OCH2CH3); first is 242.9 kJ �mol�1, second
is 267.0 kJ �mol�1 and total is 510.0 kJ �mol�1.13 There-
fore, it is concluded that attaching these three different R
groups to the carbonyl substituent in position 2 of the
quinoxaline ring has little influence on the strength of
the N—O bonds. A possible explanation for this may be
due to the ability of the carbonyl group to attract and

unds 1 (left) and 2 (right). Selected bond lengths and angles
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attenuate the electron density coming from the different R
groups due to mesomeric or inductive effects. Con-
sequently, the carbonyl ‘absorbs’ the electronic character
of the different R groups, blocking any effect that these
might exert on the quinoxaline ring, cf. Scheme 1.


In order to test this hypothesis, the dissociation
enthalpy of the two N—O bonds of 2-p-nitrobenzoyl-
3-methylquinoxaline-1,4-dioxide have also been calcu-
lated at the same B3LYP/6311þG(2d,2p)//B3LYP/
6-31G(d) level of theory. This compound was considered
since it is expected that the nitro group would also attract
electron charge from the aromatic ring and, therefore, it is
supposed to lead to a different electronic —C(——O)R
environment that would affect the computed N—O bond
dissociation enthalpy. The computed total enthalpy for
the cleavage of the two bonds is 510.2 kJ �mol�1, which
yields a mean bond dissociation enthalpy for the two
N—O bonds of 255.1 kJ �mol�1. This value is identical to
those reported above, though somewhat smaller (5 kJ �mol�1)
than that reported for 2-benzyl-3-methylquinoxaline-
1,4-dioxide.13 Thus, it seems that all —C(——O)R subs-
tituents bonded directly to the quinoxaline-1,4-dioxide
ring in positions 2 or 3 will have a similar effect on the
strength of the N—O bonds leading to identical enthalpies
to cleave these bonds in this class of compounds.


Finally, the similar lengths calculated for the N—O
bonds in the two title compounds, and also for other
differently substituted quinoxalines-1,4-dioxides,13,14 do
not necessarily imply that all N—O dative bonds will
have the same energy.

Estimated enthalpies of formation


The enthalpies of formation of compounds 3 and 4 have
been estimated after the consideration of the enthalpy of
the following reaction:


1 or 2 ðgÞ ! 3 or 4 ðgÞ þ 2 3O ðgÞ (4)


which is the same as after consideration of the total N—O
BDEs shown in Figure 4, for the loss of both oxygen
atoms in 1 or 2, and the DfH


o
m listed in Table 5 for


compounds 1 and 2 and for atomic oxygen available in the
literature.43 This strategy was found to be an adequate
approach for the estimation of the enthalpy of formation
of a very similar compound, namely, 2,3-dimethyl-
quinoxaline,13 and so, supposedly it should be also a good

Copyright # 2007 John Wiley & Sons, Ltd.

approach in this case. The DfH
o
m values computed for 3


and 4 are 192.9 kJ �mol�1 and �221.7 kJ �mol�1, respec-
tively. The reader should be aware of the uncertainties
associated with both the experimental DfH


o
m (g) for 1 and


2 and the computed N—O BDEs. Therefore, the
estimated DfH


o
m values for the compounds 3 and 4 are


associated with an uncertainty of �10 kJ �mol�1.

CONCLUSIONS


Complementary experimental and computational studies
on both structural and energetic aspects of two
quinoxaline-1,4-dioxide derivatives have been per-
formed. The two compounds studied differ from other
studied previously by the presence of two bulky
substituents attached to the quinoxalinic ring at position
2. Experimental and computational techniques yield the
same answer about the N—O bond lengths, that is, they
have almost the same size. However, previous work on an
analogue of Tirapazamine, 2-amino-3-quinoxalinecar-
bonitrile-1,4-dioxide,14 the similar bond lengths are not
necessarily connected with bonds having the same
strength and, thus, require different energy for their
cleavage. Also interesting is the fact that the N—O BDEs
are affected only by the type of atoms attached directly to
the quinoxalinic ring. As shown above, the difference
between the N—O BDEs calculated for several 2-R-
3-methylquinoxaline-1,4-dioxides, with R¼�COR0, is
almost negligible, even if R0 changes from an ethyl group
to a tert-butyl or phenyl group.


The combination of experimental and computational
techniques allowed also to determine the standard molar
gas-phase enthalpies of formation of 2-benzoyl-3-
methylquinoxaline and 2-tert-butoxycarbonyl-3-methyl-
quinoxaline, and of their corresponding 1,4-dioxide
derivatives.
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ctional theory (DFT) calculations with the recent M05-2X hybrid
ion of, and energy difference between, (Ra,7S)- and (Sa,7S)-type


atropisomers of isocolchicine. Interconversion of these 1H NMR-observable atropisomers accounts for mutarotation
with this compound. In contrast, the classical B3LYP hybrid functional failed to simulate satisfactorily both the
geometries and the energies involved. This extends the use of M05-2X to natural products that embody aromatic and
flexible pseudoaromatic and saturated rings, as well as cis/trans amide chains, which bring on subtle conformational
problems. DFT calculations with M05-2X also shed new light on a long-date conundrum in organic chemistry and
pharmacology, i.e., why mutarotation was never observed with colchicine. This is now best attributed to a larger
energy gap between the (Ra,7S) atropisomer and the elusive (Sa,7S) atropisomer with this compound. These results
solicit a rethinking of the interactions between colchicinoids and proteins. Copyright# 2007 JohnWiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230
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INTRODUCTION


The Meadow saffron alkaloid colchicine ((Ra,7S)-1, Fig. 1)
still constitutes the best remedy against severe gout,1


cutaneous and oral lesions in Behçet’s disease,2 and
familial Mediterranean fever.3 This explains why the risk
of cardiotoxicity and multiorgan failure on this drug
overdose is accepted.1 The colchicine scaffold thus
continues to attract the attention of drug hunters, as
recently with methoxyamine-tethered derivatives, which
astonishingly reverse the properties of colchicine from
destabilizing to stabilizing tubulin polymerization,4 like
paclitaxel,5 epothilones,6 and a few marine metabolites,
among which are sarcodictyins.7


So much pharmaceutical interest in colchicinoids
notwithstanding, knowledge of their structural aspects
is far from being exhaustive, though this is a prerequisite
to any docking study. What we know is that the C7 chiral
carbon contributes modestly to the circular dichroism
(CD) of colchicinoids, which is mainly determined by

to: F. Pietra, Accademia Lucchese di Scienze, Let-
zo Ducale, 55100 Lucca, Italy.
ret@yahoo.com
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the helicity along the chirality axis C12a–C12b (Fig. 1).8


For Ra-type colchicine ((Ra,7S)-1) and isocolchicine
((Ra,7S)-2, Fig. 1), two conformers–differing only in slight
puckering of the cycloheptatrienone ring–have been
described from X-ray diffraction analysis of crystals.9,10


Axial chirality had already been proposed to rationalize
the mutarotation of isocolchicine in non-polar solvents
via equilibration of (Ra,7S)-2 and (Sa,7S)-2.


11 Thirty years
later, this hypothesis proved correct on observing the
coexisting species by high-field 1H NMR in CDCl3
solution at either room temperatures or slightly higher
temperatures.12


In striking contrast, mutarotation was never observed
with colchicine (1), and the reasons remained obscure. To
this regard, it should be noticed that simple functional
group transformations like N-methylation or deacetyla-
tion are known to suppress mutarotation with isocolchi-
cine,11 while both atropisomers of 11-aminoisocolchicide
proved stable enough to be isolated.8 In addition, the
(Ra,7S) and (Sa,7S) atropisomers of 8-aminocolchicide
could be isolated, probably owing to the stabilizing role of
intramolecular hydrogen bonds.8 To the best of my
knowledge, the latter is the sole colchicide derivative for
which both (Ra)- and (Sa)-type conformers have been

J. Phys. Org. Chem. 2007; 20: 1102–1107







Figure 1. Top: structural representation of (Ra,7S)-1 and
hypothetical (Sa,7S)-1 atropisomers of colchicine. Bottom:
structural representation of (Ra,7S)-2 and (Sa,7S)-2 atropi-
somers of isocolchicine
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isolated or even detected. All that suggests that a delicate
balance of factors must govern equilibria with diaster-
eomeric colchicinoids.


A clarification of the factors that determine confor-
mational equilibria with colchicinoids is thus desirable,
and the contrasting behavior of colchicine and isocolchi-
cine illustrated above offers itself as a most appropriate
case study. In view of the wealth of chemical and
pharmacological studies about colchicine (1), incomplete
knowledge of its structural features must be imputed to
limitations in experimental methodologies. Therefore, to
unravel why the (Sa,7S) atropisomer of colchicine has
remained elusive, recourse to simulation procedures is
inescapable. The central question concerns the energies
involved in the conformational inversion along the
chirality axis 12a–12b, which is required for (Ra,7S)-1
to change into (Sa,7S)-1 (Fig. 1). Modeling these
conformers could be approached along various lines.
Ideally, the role of the medium should be accounted for.
However, current continuum solvation models, such as
those devised by Klamt,13a Scrocco and Tomasi,13b


Cramer and Truhlar,13c and Florián and Waershel,13d fail
to attain an accuracy better than 4–5 kcal/mol. Therefore,
these methodologies were deemed unsuitable for the
present task. On the other hand, free energy evaluation,
and exploration of conformational pathways, from
classical molecular dynamics is an alluring prospect. a
prospect that faces two major obstacles at present,
however. One is the nature of the solvent medium, where
to model the conformational processes; solvents with
such low values of dielectric constant as chloroform–
which are of central importance for the colchicinoids (see
later)–are difficult to treat, as either implicit or explicit

Copyright # 2007 John Wiley & Sons, Ltd.

solvent in classical molecular dynamics. Second,
extensive high-level re-parameterization of the best-
generalized force fields would be required to hopefully
account for the tiny energy differences typical of
conformational changes with organic molecules.
Recourse to ab initio molecular dynamics also faces
the problem of unbearably high computational cost for
molecules as large as the colchicinoids. Finally, it is true
that NMR line shape analysis is a powerful approach to
the determination of kinetic barriers. It can easily handle
simpler systems, for which detailed dynamic 1H NMR
experiments have been carried out.14 This is not the case
of colchicine.

METHOD


All QM and GMMX calculations were carried out on a
parallel computer based on AMD dual-core Opteron
CPUs, with 4GB RAM per node, driven by Linux Debian
amd64 etch as operative system. Program GMMX,
version 06, for global conformational space search with
MMX, MM3, and MMFF94 force fields,15 was compiled
with gcc 4:4.1.1–15 for serial execution. Conformational
search by GMMX is based on Steliou’s BAKMDL
algorithm, which does a systematic variation of bond
lengths, dihedral angles, and formal breaking/reclosure of
rings. All GMMX computations were carried out
alternatively with the above force fields, and finally with
MMX, all pi atoms, energy windows 3.5 and 3.0 kcal/mol
for the first and second cycle, respectively. A preliminary
VESC calculation to roughly account for pi electrons16


was carried out.
The MMX force field descends from MM2(77)17 with


the inclusion of VESC pi,16 and hydrogen bond routines,
as well as Still’s strategy for generalized parameters.18 In
analogy with MM2, MMX uses bond dipole moments to
represent electrostatic contributions, and energies are
calculated by taking all dipole–dipole interactions into
account. MMX allows to change the value of the
dielectric constant used for the calculation of dipolar
repulsions. However, this proved of little effect on the
calculated structures.


The output structures from GMMX procedures, and
collection of Cartesian coordinates for input to theMPQC
code,19 or pdb files for the NWChem code20 via the ECCE
interface,21 were carried out with the molecular
mechanics program PCMODEL, version 9.1,22 running
on Linux Debian i386 etch with OpenGL graphic support.
ECCE was also run on Linux Debian i386 etch. The
MPQC 2.3.1 program suite,19 used for DFT/geometry
optimization with B3LYP functional, was compiled with
gcc 4:4.1.1–15, with libint support, for parallel execution.
Geometry optimization was carried out without con-
straints by a MCSearch OO procedure, which performs
extremely efficient line searches with cubic steps, starting
from Cartesian coordinates obtained from GMMX
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minimized structures. Default convergence criteria, Max
Gradient, Max Displacement, and Gradient Displacement
were set at default threshold (0.00001). Convergence for
Gradient Displacement was the last to attain, particularly
when flat regions were encountered. In such cases the
calculation was killed and then restarted from the last
good geometry, whereby the guess Hessian was
recomputed from this geometry, offering the chance for
a better path. All other QM calculations were carried out
with the NWChem 5.0 program suite,20 runtime from
Intel1 Fortran version 9.1.036, in parallel mode. Using
web browsers of the Mozilla family, ECCE allowed
control of the QM code via ssh, while permitting remote
access to databases via internet. Geometry optimization
was carried out without constraints with the NWChem
DRIVER module at default convergence criteria, to fit
exchange-correlation (XC) potentials. Convergence was
always obtained directly, without recourse to any
preliminary Hartree–Fock procedure. Mǿller–Plesset
perturbation theory second-order correction to the
Hartree-Fock energy (MP2) was carried out single-point
on minimized structures with freeze core option.
Animation of NWChem vibrational analysis was per-
formed with ECCE. Pdb files, as required by ECCE, were
obtained from the GMMX output by PCMODEL.

Table 1. Experimental and computed energy difference DE
(kcal/mol) between (Sa,7S)-type and (Ra,7S)-type atropi-
somers of colchicine (1) and isocolchicine (2)


Method AO basis DE for 1 DE for 2


1H NMR 1.0–1.3a


GMMX 1.7b 1.0b


DFT/B3LYPc 6-31G� 1.9d


DFT/M05-2Xc 6-31G� 3.5d, 3.6e, 3.1f 1.2d


MP2g 6-31G� 3.5d 1.3d


a This represents DG, Reference 12.
b Strain energy.
c Geometry optimization.
d ‘Equilibrium’ energy.
e ZPE-corrected, 0K.
f Thermally and ZPE corrected, 298.15K.
g Calculated (single-point) from M05-2X geometry optimized.

RESULTS AND DISCUSSION


On the grounds set forth in the Introduction, for an
approach to colchicinoids I deemed best to rely on
ab initio quantum treatments in vacuum. Here, the size
and complexity of the colchicine molecule leaves room to
density functional theory (DFT) only. Although this is
considered an ab initio procedure, the use of modern,
highly parameterized hybrid functionals advised to first
validate the methodology with known conformers, using
the density functional and basis set of choice. The best
possible such test is offered here by the two diastereomers
of isocolchicine (2, Fig. 1), which differ from colchicine
for only having exchanged positions of the carbonyl
group and methoxy group at the cycloheptatrienone ring,
and for which (Ra, 7S)-type conformations are known in
the crystalline state.10 In solution, conformational data for
(Sa, 7S)-2 are known only for the C5–C7a region,
including the acetylamino side chain, from 1H NMR
spectra in CDCl3. Under these conditions, an equilibrium
of ca. 10:1 ratio in favor of (Ra,7S)-2 was determined at
room temperature.12


Although DFT procedures are much faster than
many-body treatments, a DFT global-space confor-
mational search for the colchicinoids would be prohibi-
tively costly. Perhaps also unwarranted, as classical
mechanical theories allow a speedy zero-order approach
to the global conformational space problem, while the
structures obtained can be later refined by ab initio QM
procedures in a more restricted conformational space.

Copyright # 2007 John Wiley & Sons, Ltd.

Under such prospects, the isocolchicine structure was
subjected to unbiased search in the global conformational
space by the molecular mechanics computer program
GMMX,15 following a preliminary VESC calculation for
pi electrons.16 With MMX force field and a final window
of 3 kcal/mol, over 50 conformers were found, lacking
any dominant element, i.e., both Ra and Sa helicity
could be observed throughout. That least strain-energy
structures obtained must be close to the absolute
minimum for either helicity type is supported by the
consistency of the observations from repetitive global
space search, forth and back, and from various
intermediate positions. That said, GMMX/MMX attrib-
uted (Table 1, last column, second row) a higher relative
population to the Sa diastereomer of isocolchicine than
observed from 1H NMR spectra in CDCl3


12 (Table 1, last
column, first row).23


This set the basis for a quantum mechanical approach
to geometry optimized isocolchicine. In view of the
variety of structural elements involved, the hybrid
functional B3LYP, well known for its versatility, was
the obvious choice. Calculations were carried out with the
MPQC code,19 input Cartesian geometry provided by the
computer program PCMODEL.22 Poor performance was
observed for B3LYP to reproduce both the known
geometry of (Ra,7S)-2 in the crystal9 (Supplementary
Material, Table 1S, column 7) and the (Sa,7S)-2/(Ra,7S)-2
energy ratio in solution,12 which was computed at an
unacceptably larger value than observed experimentally
(Table 1, last column, third row).


Disappointed by these results with B3LYP, I set the
problem of colchicinoids aside. Reports beginning to
appear in the literature on the poor performance of density
functionals with respect to both geometry optimization
and energy evaluation24 reinforced my decision. My
interest in colchicinoids was only rekindled by the
presentation of a new density functional, M05-2X, by
Zhao and Truhlar. By better describing medium-range
correlations,25a this functional was found to account
satisfactorily for hydrocarbon geometry and energy
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problems,25b where all other density functional failed. It
performed well also for alkyl bond dissociation energies,
transition metal-transition metal, and metal-ligand bond
energies, dipole moments in small molecules, as well as
donor-acceptor systems, such as HCN-BF3.


25a Extension
of the use of M05-2X to treat non-covalent complexes
such as uracil dimer and pyrazine dimer, as well as other
complexes between fragments of biological relevance,
has also been extensively documented.26


DFT geometry optimization of isocolchicine with the
M05-2X functional, starting from the minimum strain-
energy structures described above from GMMX, was
carried out with the NWChem code.20 Input was provided
by PCMODEL22 as pdb files given to the ECCE
interface.21 The optimized geometries are shown in
Fig. 2 , top for (Ra,7S)-2 and Fig. 2, bottom, for (Sa,7S)-2.

Figure 2. Geometry optimized structure (level DFT/M05-
2X/6-31G�) of isocolchicine atropisomers. Top: (Ra,7S)-2
atropisomer. Bottom (Sa,7S)-2 atropisomer.


Copyright # 2007 John Wiley & Sons, Ltd.

Key comparative geometric data are summarized in Table
1S of Supplementary Material. From these data, nice
agreement can be appreciated with both X-ray diffraction
data for (Ra,7S)-2


10 and 1H NMR data for both (Ra,7S)-2
and (Sa,7S)-2.


12 The spatial arrangement of the methoxy
groups at C1 and C2 (atom numbering in Fig. 1) in the
aromatic ring warrants notice. Their syn disposition
toward the acetylamino group, in minimized (Ra,7S)-2
(top structure), corresponds to ‘molecule b’ in the
crystal.10 In ‘molecule a’ in the crystal10 the methoxy
group at C2 points away from the acetylamino group. In
minimized (Sa,7S)-2 (bottom structure), the methoxy
groups at C2 and C1 are anti to one another, with C1
pointing away from the acetylamino group, in agreement
with dihedral angles evaluated from 1H NMR in CDCl3
solution.12


A good agreement of energies from DFT calculations
with single-point Mǿller–Plesset perturbation theory
(MP2) calculations at the same basis set level can be
appreciated from Table 1.


These results extend the validity of the M05-2X
functional to structurally and conformationally tricky
natural products. Excellent performance with colchici-
noids is remarkable for a highly parametrized functional
like M05-2X, and without recourse to 4n-f orbitals of
previous studies,25,26 which would be computationally
too costly for compounds of the size and complexity of
the colchicinoids. Thus, the new M05-2X density
functional defeated molecules that embody a variety of
functional groups with subtle conformational problems,
like invertible helicity along a chirality axis, cis/trans
arrangement of amides, as well as aromatic and
pseudoaromatic rings. As to the latter, the agreement
of slight ring puckering of the cycloheptatrienone ring for
minimized isocolchicine with X-ray diffraction data9–10


(Table 1S in Supplementary Material) is noticeable. In
view of the high degree of planarity of tropone,27 it seems
that puckering of the cycloheptatrienone ring with
isocolchicine stems from alleviating repulsions between
the carbonyl carbon and the methoxy group as well as
tensions in the doubly fused seven-membered central
ring.


Agreement between modeling and experiments for
isocolchicine justified attacking the problem of the
elusive diastereomer (Sa,7S)-1 of colchicine along similar
lines. DFT/M05-2X/6-31G� geometry optimized
(Ra,7S)-1 turned out to be in agreement with X-ray
diffraction data for the crystal (Supplementary Material,
Table 2S). The only noticeable difference concerns the
methoxy groups at C1 and C2 (atom numbering in Fig. 1),
which are syn in the crystal for both ‘molecule a’ and
‘molecule b’, pointing toward the acetylamino group.9 In
minimized (Ra,7S)-1 (Figure 3, top), these two methoxy
groups are anti to one another, the one at C2 pointing
away from the acetylamino group. In the elusive (Sa,7S)-1
atropisomer, the relative disposition of the C2 and C1
methoxy groups is also anti, with the latter pointing away
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M05-2X/6-31G�) of colchicine. Top (Ra,7S)-1 atropisomer.
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from the acetylamino group (Figure 3, bothom), arguably
to release strain, as in the isocolchicine analogue above
(Sa,7S)-2.


According to these calculations the (Sa,7S)-1 atropi-
somer is higher enough in energy with respect to the
(Ra,7S)-1 atropisomer to be scarcely populated. However,
these are ‘equilibrium’ energies for situations that cannot
be attained in practice. Therefore, a frequency calculation
to correct for both zero-point energy (ZPE) and thermal
contributions was in order. The results are shown in Table
1 (and, in detail, in the Supplementary Material, Table
3S). By applying thermal correction (which includes ZPE
correction), it is calculated that (Ra,7S)-2 is favored over
(Sa,7S)-2 by 3.1 kcal/mol. This rationalizes why neither
mutarotation for colchicine, nor direct observation of
(Sa,7S)-1, have ever been recorded in any kind of medium.
Under normal laboratory conditions, diastereomer

Copyright # 2007 John Wiley & Sons, Ltd.

(Sa,7S)-2 cannot weight enough. It should be noticed
that ZPE and thermal correction did not change sizably
the values of ‘equilibrium’ energies (A reviewer has
suggested an alternative explanation for the Sa stereo-
isomer of colchicine not being observable. The reviewer
suggested that with colchicine there is a higher kinetic
barrier to atropisomer interconversion than with iso-
colchicine. Actually, this is the preferred rationalization
in the original paper by Rapoport and Lavigne, who wrote
‘The absence of mutarotation with colchicine might be
due to greater rigidity in this molecule, which seems to be
supported by a study of models, and hence a significantly
higher activation energy’.11 I disfavor this view. In the
years elapsed since Rapoport and Lavigne work,11


colchicine was subjected to so many thermal treatments,
during synthetic work, with recrystallization from hot
solvents. This offered any chance for the Sa atropisomer to
become sizably populated. On cooling, a high kinetic
barrier would have prevented the Sa atropisomer to revert
quickly to the Ra atropisomer. Even if the energy
difference between the two was in the same range as for
isocolchicine, seemingly similar samples of colchicine
would have given different specific optical rotation. This
was never reported.


Rapoport and Lavigne further argued in support of their
kinetic rationalization that ‘The lack of mutarotation [of
isocolchicine] in ethanol might be explicable on the basis
of solvation of the acetamido group. This would increase
its effective size enough to increase the activation energy
and lead to only one diastereomer in solution. Deacetyla-
tion might decrease the size of this group sufficiently to
lower the activation energy and make mutarotation
unobservable at room temperature’.11 In my alternative,
thermodynamic rationalization, the acetamido chain may
be seen to be more exposed to solvation in the
pseudoequatorial than the pseudoaxial diastereomer. This
would determine preferential solvation by ethanol of the
pseudoequatorial acetamido group, thus favoring this
conformer. On the other hand, deacetylation leaves a
strongly basic amino group, where the argument of
stabilization by solvation of the pseudoequatorial con-
former applies forcefully. Nonetheless, I agree that a
high-level, computationally very demanding QM or MD
study of the conformational pathway for colchicinewould
shed further light on the behavior of this important class
of compounds, and would remove any remaining
reasonable doubt.). This justifies my neglecting of such
lengthy corrections for isocolchicine, where the same
trend is expected. Extremes in the normal modes of
vibration (as illustrated for isocolchicine in Supple-
mentary Material) range from the aromatic moiety being
closest to the acetylamino chain, to being far apart from it.
Actually, for atropisomer (Ra,7S)-1 the C1-OMe methyl
group moves toward, an back away from, the acetylamino
oxygen (Supplementary Material, Figure 1aS and 1bS,
respectively), while with atropisomer (Sa,7S)-1 the
C2-OMe methyl group moves toward, and back away
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from, the acetylamino methyl group (Supplementary
Material, Figure 2aS and 2bS, respectively). These forth
and back movements are accompanied by smaller
amplitude movements of the whole skeletal framework,
in a sort of ‘breathing’ of the molecule. This should be
taken into account when examining models for the
interaction of colchicine with tubulin.

SUPPORTING INFORMATION


Supporting information: (i) Cartesian coordinates for all
molecules involved in this paper, (ii) geometrical data for
DFT geometry optimized conformers of both isocolchi-
cine (Table 1S) and colchicine (Table 2S), with added,
when available from literature, comparative geometrical
data from X-ray diffraction or 1H NMR spectra, (iii)
structural representation of the normal vibration modes
for both Ra,7S colchicine (Figs 1aS/1bS) and Sa,7S
colchicine (Figs 2aS/2bS).

Acknowledgements


I thank R. Moccia for enlightening discussions. I also
acknowledge with gratitude free licenses for ‘NWChem,
A Computational Chemistry Package for Parallel Com-
puters, Version 5.0 (2006)’ and ‘Extensible Compu-
tational Chemistry Environment (ECCE), A Problem
Solving Environment for Computational Chemistry, Soft-
ware Version 4.0.2 (2006)’, both developed and distrib-
uted by Pacific Northwest National Laboratory, PO Box
999, Richland, Washington 99352, USA, and funded by
the US Department of Energy, as well as for Intel1


Fortran Compiler for Linux, Version 9.1.036, and Intel1


Cþþ Compiler for Linux, version 9.1.042. ‘MPQC,
Massively Parallel Quantum Chemistry Program,’ Ver-
sion 3.2.1 (2006), developed by Sandia National Labora-
tories, Livermore, California, USA, is distributed under
the Library GNU General Public License. I also wish to
thank L. Sorensen for libint compilation of MPQC 3.2.1
and K. Gilbert (Serena Software) for tailoring PCMO-
DEL and GMMX to the needs of this work.

REFERENCES


1. Ghate JV, Jorizzo JL. J. Am. Acad. Dermatol. 1999; 40: 1–20.
2. Leibovitz A, Lidar AM, Baumoehl Y, Livneh A, Segal R. Isr. Med.


Assoc. J. 2006; 8: 469–472.
3. Maxwell MJ, Muthu P, Pritty PE. Emerg. Med. J. 2002; 19:


265–266.
4. Ahmed A, Peters NR, Fitzgerald MK, Watson JA, Jr, Hoffmann


FM, Thorson JS. J. Am. Chem. Soc. 2006; 128: 14224–14225.
5. Jordan MA, Wilson L. Nat. Rev. Cancer 2004; 4: 253–265.
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D, Orozco M, Luque FJ. J. Comput. Chem. 2003; 24: 284–297;
(d) Florián J, Warshel A. J. Phys. Chem. B 1999; 103: 10282–
10288.


14. Guella G, Chiasera G, N’Diaye I, Pietra F. Helv. Chim. Acta 1994;
77: 1203–1221.


15. Gilbert K. GMMX, Global MMX, a Steric Energy Minimization
Software, (Revision 2006), Serena Software. Bloomington, Indi-
ana 47402-3076, USA.


16. Allinger NL. J. Amer. Chem. Soc. 1977; 99: 8127–8134.
17. Allinger NL, Li F, Yan L, Tai JC. J. Comput. Chem. 1990; 11:


868–895.
18. Guarnieri F, Still WC. J. Comput. Chem. 1994; 15: 1302–1310.
19. Janssen C, Nielson I, Leininger M, Kenny J, Valeev E, Banck M,


Verstraelen T. MPQC, Massively Parallel Quantum Chemistry
Program (Revision 3.2.1), Sandia National Laboratories, Liver-
more, California, USA.


20. Bylaska EJ, de Jong WA, Kowalski K, Straatsma TP, Valiev M,
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ABSTRACT: Five differently substituted phthalimide nucleosides were studied by NMR spectroscopic techniques for
their ability to recognize and bind a cytosine–guanosine (CG) Watson–Crick base pair in CD2Cl2. Whereas only rather
weak binding was observed for analogs with an amino, acetamido, or benzamido substituent, strong binding was
observed with the analogs carrying an ureido and n-butyl ureido residue. 2D NOE measurements at low temperatures
confirm the proposed binding mode for the high-affinity ligands but indicate binding interactions for the weakly bound
analogs different from the expected geometry. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: molecular recognition; nucleoside analog; phthalimide; base triad; NMR

INTRODUCTION


Molecular recognition governs most phenomena in
chemical and biological systems and the development
of artificial receptors has greatly expanded our possibi-
lities to target molecular systems with high specificity and
affinity. Due to their biological importance, for example,
as constituents of nucleic acids, single nucleobases and
nucleotides1,2 as well as Watson–Crick base pairs3,4 have
been targeted in the past with specific receptor molecules
in aqueous and apolar environments by exploiting
stacking, ionic, and hydrogen bond interactions. Under
physiological conditions, the specific recognition of
base pairs within a DNA double helix has become an
area of intense research. Triple helix formation by the
binding of a third strand oligonucleotide (TFO) in the
major groove of a DNA duplex through hydrogen bonds
to the purine bases offers a powerful approach to regulate
gene expression5 or manipulate a particular genomic
sequence.6 Unfortunately, the recognition code of triple
helix formation is limited and only purine bases on one
strand of the double helix are effectively recognized by
natural third strand bases.7


Much effort has been devoted to the development of
artificial nucleobases to recognize all four possible base
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pairs in the past, however, with mostly limited success.
The combination of selectivity with high-affinity binding
has become a major challenge in the design of new
base analogs. Recently, strategies to combine modified
sugar units like conformationally locked nucleic acids
(LNAs)8,9 or 20-aminoethyl-oligoribonucleotides (20AE-
RNAs),10,11 that provide for a general non-specific
affinity enhancement, together with artificial bases, that
are mostly responsible for selectivity, have significantly
contributed to the development of more effective TFOs.
The discrimination of base pairs by the third strand base
surrogate is expected to predominantly rely on hydrogen
bond interactions with the particular base pair, structural
complementarity, and isomorphism with the other can-
onical base triads.


Recently, we and others have shown that phthalimide
derivatives may be suitable candidates for recognizing a
CG base pair in aprotic solvents.12,13 In our previous
studies on CG recognition, only qualitative information
on hydrogen bond mediated complex formation was
obtained based solely on chemical shifts for protons
involved in the intermolecular hydrogen bonds within the
complexes. Here, we describe a more detailed charac-
terization of their CG binding in terms of structure and
thermodynamics as a function of different substituents.
This should allow a better assessment for the potential of
common hydrogen bond donors not only in phthalimides
but also in other structurally related receptor molecules to
complex a CG Watson–Crick base pair and may also give
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valuable information on their contributation to base pair
selectivity in the context of triple helix formation.

Table 1. Summary of homoassociation constants Kself
a for


nucleoside analogs P(1)–P(5) as well as of Ka, DH, and DS for
the association with a CG Watson–Crick base pair


T (K) Kself
a (M�1)a Ka (M�1)a DH (kJ/mol)b DS (J/K mol)c


1 295 14 —d —d


278 <1 17
274 <1
258 23
238 31


2 291 3 65 �13.1 �10.6
274 4 86
257 7 121

RESULTS


The phthalimide base and its proposed binding mode
with a CG base pair is shown in Fig. 1. Whereas the
phthalimide moiety is designed to form a hydrogen bond
to the non-Watson–Crick bound cytosine amino proton, it
also spans the CG base pair allowing the substituent X to
form potential hydrogen bond contacts to the hydrogen
bond acceptors O6 and N7 of the guanine base. The
substituent X was varied from a simple amino function-
ality in P(1) to acetamide and benzamide derivatives P(2)
and P(3) with a more acidic amide proton, thus con-
stituting a more effective hydrogen bond donor. Analogs
P(4) and P(5) possessing an ureido substituent might form
another hydrogen bond contact to the CG base pair as
indicated by molecular models.

239 212
3 293 2 23 �13.0 �18.3


277 3
275 36
260 5
259 47
234 92


4 299 49 1054 �17.7e �1.3e


277 287 1853
258 2349
256 928
247 3037
237 4297


5 299 18 716 �18.5 �6.5
277 36 1442
268 2043
256 92
237 5205


a Uncertainty �10% for Ka> 200 M�1, �20% for 200 M�1>Ka> 50 M�1,
�40% for Ka< 50 M�1.
b Uncertainty �1 kJ/mol for 2,4, and 5, �2 kJ/mol for 3.
c Uncertainty �4 J/K mol for 2,4, and 5, �8 J/K mol for 3.
d Not determined due to significant uncertainty in Kas.
e Determined for T� 277 K with two separate temperature dependent series.

NMR titration experiments


All analogs carry an O-benzoyl protected ribose sugar to
block free ribose OH groups and to enhance the solubility
in aprotic solvents. Likewise, bis-silylated di-O-triiso-
propylsilyl-20-deoxycytidine and di-O-triisopropylsilyl-
20-deoxyguanosine were employed for the complexation
and structural studies. Initial experiments on the homo-
association of the five analogs were examined by
following the amino or amide NHa proton chemical shift
of nucleosides P(1)–P(5) as a function of nucleoside
concentration ranging from 2 to 90 mM. By fitting the
concentration dependent proton chemical shift with a 1:1
association model, values for the homoassociation con-
stants Kself


a were obtained at different temperatures. These
are summarized in Table 1.


Clearly, dimerization of nucleosides P(1)–P(3) is small
even at lower temperatures. However, the unsubstituted

Copyright # 2007 John Wiley & Sons, Ltd.

ureido derivative P(4) exhibits significant self-association
with decreasing temperature. Its association constant of
about 103 M�1 at 256 K is one order of magnitude higher
compared to the corresponding N-butyl substituted P(5).
Apparently, additional N-butylation hampers self-aggre-
gation of the ureido analog.
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Due to the strong binding observed between C and G in
apolar solvents (Ka� 105 M�1), a 1:1 mixture of the two
nucleosides can be treated as a single CG species.4


Binding of the nucleoside analogs to this CG base pair
was again followed by changes in the 1H NMR chemical
shift of the amino and amide NHa protons of P(1)–P(5).
Thus, titration of the analog with a 1:1 mixture of C and
G resulted in a downfield shift of the NHa signal with
increasing CG concentration as shown in Fig. 2 for the
analogs P(2), P(4), and P(5).


The heteroassociation constant for complex formation
Ka between each of the nucleoside analogs and the CG
base pair was determined by fitting the chemical shift data
as a function of concentration to a nonlinear 1:1 binding
isotherm. The results from measurements at different
temperatures are also summarized in Table 1. With
association constants of about 14 M�1 and 23 M�1 at
295 K and 293 K, respectively, interactions of the amino-
and benzamido-substituted analogs P(1) and P(3) with the
CG base pair are rather weak. Even with decreasing
temperatures binding does not seem to allow for a specific
high-affinity base pair recognition through hydrogen
bonding. The N-acetylated amino-phthalimide P(2)
exhibits enhanced binding affinity towards the CG base
pair compared to P(1) and P(3). However, very strong
binding with association constants of about 103 M�1 at
ambient temperatures is only observed for the two
ureido-substituted phthalimide nucleosides P(4) and P(5).
It should be noted that the values obtained from the
concentration dependent NHa chemical shifts of P(2) and
P(5) were confirmed by an additional analysis on the NHb


proton of P(5) and the aryl proton Hc of P(2), which
exhibits a significant deshielding upon titrating the CG
base pair (data not shown).

6


7


8


9


10


11


cCG/mM


0 5 10 15 20 25


δ H
(p


pm
)


Figure 2. NHa proton chemical shifts of nucleoside analog
P(2) (circles, 274 K), P(4) (triangles, 277 K), and P(5)
(diamonds, 277 K) as a function of CG concentration; lines
represent the least-squares fit
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According to the proposed binding mode (see Fig. 1),
the non-Watson–Crick bound cytosine amino proton is
expected to act as a hydrogen bond donor participating
in a hydrogen bond to the carbonyl oxygen of the
phthalimide base. Formation of such an interaction should
manifest itself in a downfield shift of the non-Watson–
Crick bound amino proton. We have therefore performed
reverse titrations by adding the phthalimide analogs
(0–20 mM) to a 2 mM solution of the CG base pair. To
avoid problems with signal overlap and to unambiguously
follow the C amino proton signal during the course of
titration, we have employed specifically 4-15N labeled
cytidine and used a one-dimensional 1H–15N HMQC
experiment as a filter that effectively eliminates all other
proton resonances. In contrast to expectations, only small
downfield shifts were observed at ambient temperatures
when titrating P(1), P(2), and P(3) to the CG pair
preventing the extraction of reliable association constants
from the concentration dependent chemical shift data.
Clearly, this points to a rather weak or even missing direct
interaction involving the cytosine amino proton and the
phthalimide carbonyl oxygen (vide infra). More signifi-
cant downfield shifts of Dd¼ 0.47 ppm and 0.53 ppm
were observed for the C amino proton upon titrating a
10-fold excess of P(4) and P(5) at 299 K. When fitted to a
1:1 binding isotherm, association constants of Ka¼
700 M�1 and 396 M�1 were obtained in these titrations
for the complexation of the CG base pair with P(4) and
P(5), respectively. Although within the same order of
magnitude, these values are noticeably smaller when
compared to the association constants obtained from
the reverse titrations and point to a non-negligible degree
of self-association for these two phthalimide analogs
(vide supra).


Enthalpy and entropy of association


In order to separate enthalpic and entropic contributions
to the free energy of association, we have performed a
van’t Hoff analysis on the temperature dependence of
heteroassociation constants. Due to the limited tempera-
ture range employed, any temperature dependence of the
association enthalpy DH was neglected in the analysis.
Values of DH and DS as obtained from a plot of InKa as a
function of 1/T are given for the nucleoside analogs in
Table 1. Note that no attempt was made to extract
corresponding values for P(1) due to its weak binding
associated with a high degree of uncertainty for its
association constants. Assuming only small differences
between the enthalpy of solvation for the complex and
monomers in the aprotic solvent, DH should reasonably
well reflect the energy of the hydrogen bond interactions.
Consequently, with values for DH of about �13 kJ/mol
for P(2) �CG and P(3) �CG base triple formation, only
rather weak hydrogen bond interactions can be expected.
Larger enthalpic contributions of �18 kJ/mol are deter-
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mined for P(4) �CG and P(5) �CG having the potential of
forming an additional hydrogen bond contact.


Although subject to a higher degree of error, changes in
entropy upon complexation are generally small for all
analogs with only an insignificant decrease in DS
determined for the ureido-substituted analog P(4). Note,
however, that due to its considerable self-aggregation
upon decreasing the temperature, heteroassociation
constants for analog P(4) at low temperatures are
expected to be underestimated and must be met with
caution. As a result, a van’t Hoff plot progressively
deviates from linearity at decreasing temperatures
and thus analysis was restricted to temperatures �270 K.


2D NOE measurements


For a more detailed structural characterization of the
complexes, 2D NOE spectra on 1:1 mixtures of the
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Figure 3. P(2) �CG and P(5) �CG base triplets with observed NO
pair marked by arrows (top). 2D NOE spectrum of a 1:1 mixture o
a mixing time of 200 ms (bottom); crosspeaks to the NH
b-D-20-deoxyribofuranosyl, R0 ¼ 20,30,50-tri-O-benzoyl-b-D-ribofura
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phthalimide nucleosides and the CG base pair were
acquired at 213 K in methylene chloride. The low
temperatures employed for the NOE studies enhance
complex formation and are expected to facilitate the
observation of intermolecular NOE contacts. Typical
crosspeaks observed between guanine and cytosine imino
and amino protons for Watson–Crick base pairing
indicate that the base pair is not disrupted in the presence
of the phthalimide nucleosides. In case of analog P(5),
intermolecular NOE contacts are observed between
guanine H8 and the a- and b-methylene protons of the
N-butyl residue. Although no NOE can be detected
between guanine H8 and the amide NHb proton of P(5)
due to the corresponding crosspeaks being too close to the
diagonal, an NOE contact between the Watson–Crick
bound amino proton of cytosine and the aromatic Hc


proton of P(5) places the analog in a position as expected
from the molecular design (Fig. 3).
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Table 2. Ka, DH, and DS for the association of 30,50-di-O-
(triisopropylsilyl)-b-D-20-deoxyadenosine and 30,50-di-O-(trii-
sopropylsilyl)-b-D-20-deoxyuridine in CD2Cl2


T (K) Ka (M�1)a DH (kJ/mol)b DS (J/K mol)c


274 109 �20.7 �36.7
254 206
235 477
217 1179


a Uncertainty �10%.
b Uncertainty �1 kJ/mol.
c Uncertainty �4 J/K mol.
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Although lower in intensity, a corresponding crosspeak
between the Watson–Crick bound amino proton of
cytosine and the aromatic Hc proton is also observed
for analog P(4) consistent with its binding to the CG base
pair in an analogous fashion. For the analogs P(1) and
P(3) no NOE connectivities to the CG base pair could be
observed even at the low temperatures employed.
However, an unexpected contact between NHa of P(2)
and guanine H8 is only compatible with an alternate
binding mode and the potential formation of a single
hydrogen bond between NHa and guanine N7 (Fig. 3).

DISCUSSION


Concentration dependent proton chemical shifts enable
the evaluation of binding affinities for the five substituted
phthalimide nucleosides towards a CG Watson–Crick
base pair. Based on their small association constant,
neither amino- nor benzamido-substituted analogs P(1)
and P(3) bind with sufficient affinity to act as effective
receptors for the CG base pair. Apparently, P(1) suffers
from its non-acylated amino group being only a weak
hydrogen bond donor whereas CG binding of P(3) may
result in steric clashes between its benzamido group
and the guanine purine ring within a planar base triad
as suggested by molecular models. With association
constants of about 103 M�1 at ambient temperatures
for analogs P(4) and P(5), introduction of ureido
substituents strongly enhance binding to the CG pair.
Such high-affinity binding has been observed previously
with ureido-substituted base pair receptors in aprotic
solvents.12,13 However, urea derivatives are known to
self-aggregate under appropriate conditions14,15 and
significant self-association is indeed indicated by the
present data, in particular for the monosubstituted urea
derivative P(4) at low temperatures. Although self-
association could be reasonably described by a mono-
mer–dimer equilibrium, the formation of higher aggre-
gates cannot be excluded.


In order to gain more insight into the thermodynamics
of binding, enthalpic and entropic contributions to the
association have been determined from the temperature
dependence of base triad formation. As a reference, we
also obtained corresponding temperature dependent
association constants through NMR titration experiments
under identical conditions in CD2Cl2 for the canonical
adenine–uracil base pair held together by two hydrogen
bonds and these are summarized in Table 2. Although
values for Ka are significantly smaller for the AU complex
as compared to the binding of analogs P(4) and P(5) to
the CG base pair, the strength of binding interactions
as expressed by the association enthalpy (disregarding
major solvation–desolvation effects) is slightly larger
(�21 kJ/mol vs. �18 kJ/mol). Because three hydrogen
bonds are expected to form when binding a CG base pair
by P(4) or P(5), hydrogen bond interactions are weak.

Copyright # 2007 John Wiley & Sons, Ltd.

Alternatively, only two hydrogen bonds may form
between analog and base pair in contrast to the proposed
molecular model. Likewise, a DH of about �13 kJ/mol
for the analogs P(2) and P(3) is compatible with the
formation of two weak hydrogen bonds or with the
formation of only one single hydrogen bond contact.


Apparently, smaller enthalpic contributions are com-
pensated by smaller entropic losses for the phthalimide
receptors upon CG binding. Although uncertainties in the
association entropy are considerable, the decrease in
entropy – DS is only moderate for all analogs compared to
the AU pairing that exhibits perfect structural comple-
mentarity. Surprisingly, the entropy change for com-
plexation is close to zero for nucleoside P(4). However,
adding to the inherent uncertainty, this value might
also be influenced by multiple equilibria involving
self-aggregates even at higher temperatures. Clearly,
the unknown effect of solvation and desolvation on the
association entropies may be significant but the small
(less negative) association entropy as observed in the base
triad formation with all analogs points to considerable
flexibility of bases within the complexes in line with the
rather weak interactions upon binding (enthalpy–entropy
compensation).


Structural studies through NOE experiments of the
base triplets at lower temperatures nicely agree with the
thermodynamic data. Whereas the two high-affinity
receptors P(4) and P(5) seem to bind the CG base pair
in the proposed geometry with the potential formation of
three hydrogen bonds, no intermolecular NOEs to the CG
pair are found for P(1) and P(3) consistent with their weak
and presumably less specific binding. Interestingly, the
N-acetylated analog P(2) exhibits an NOE contact
between its amidic NHa and guanine H8 proton indicating
the formation of a single hydrogen bond between NHa and
guanine N7 (Fig. 3). The concomitant translational shift
of the phthalimide towards the guanine base is also
supported by the observation of a considerable downfield
shift of the aryl Hc proton of P(2) due to its position in the
deshielding region of the guanine carbonyl group (Fig. 3).
This non-expected binding mode does not allow for the
formation of a second hydrogen bond contact between the
phthalimide carbonyl and the non-Watson–Crick bound
cytosine amino proton, also evidenced by the very small
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chemical shift changes of the cytosine amino proton upon
titrating analog P(2). Apparently, formation of the
stronger NHN contact overwrites any propensity to bind
through two weak hydrogen bonds and determines the
resulting binding geometry. Likewise, the small down-
field shift of the non-Watson–Crick bound cytosine amino
proton upon titrating P(1) and P(3) and the much larger
shifts upon titrating P(4) and P(5) point to the absence of a
noticeable hydrogen bond contact to the cytosine amino
proton for P(1) and P(3) but the formation of a, albeit
weak, corresponding hydrogen bond in the P(4) �CG and
P(5) �CG complexes where the three potential hydrogen
bonds can form without mutual disruption (Fig. 3).


Taken together, nucleoside analogs P(1)–P(3) with
non-acylated and acylated amino substituents fail to
recognize and bind a CG Watson–Crick base pair in an
aprotic solvent with sufficient affinity and specificity.
Strong complexation is observed, however, with the two
ureido-substituted analogs P(4) and P(5) making these
two phthalimide derivatives powerful CG receptors in a
non-aqueous environment.


In the context of DNA duplex recognition through
triple helix formation under physiological conditions,
binding affinities are expected to significantly differ from
the binding of free base pairs in organic solvents due to
additional solvation and stacking effects. Thus, desolva-
tion of a hydrophilic urea-type functionality upon binding
in the major groove of duplex DNA might be responsible
for the previously observed low affinity of correspond-
ingly substituted base analogs in triplex-forming oligo-
nucleotides.16,17 However, the results obtained in aprotic
solvents should closely mimic macromolecular systems
with respect to base pair discrimination by specific
hydrogen bond formation and structural complementar-
ity. N-alkylated, less hydrophilic ureido substituents in a
proper orientation may thus also represent promising
building blocks for CG recognizing nucleoside analogs in
triplex-forming oligonucleotides.

MATERIALS AND METHODS


NMR measurements


NMR experiments were performed on Bruker AMX 500
and Avance 600 spectrometers. Temperatures were
adjusted by a Eurotherm Variable Temperature Unit to
an accuracy of �1.0 8C and calibrated with a standard
solution of 4% MeOH in methanol-d4. 1H NMR chemical
shifts in methylene chloride were referenced relative to
CHDCl2 (dH¼ 5.32 ppm). Association constants were
determined by titrating a 2 mM solution of the analog
with a 1:1 mixture of C and G (final CG concentration
20 mM for P(2), P(4), and P(5) and 60 mM for P(1) and
P(3) at T> 273 K). Concentration dependent chemical
shifts were fitted with an appropriate equation by

Copyright # 2007 John Wiley & Sons, Ltd.

employing the Marquardt–Levenberg algorithm. Phase-
sensitive NOESY spectra were acquired at 213 K with a
mixing time of 200 ms using the time proportional phase
incrementation (TPPI) mode with 2 K complex data
points in t2 and 1 K real data points in t1. The NOESY data
sets were apodized with a suitable window function in
both dimensions and Fourier-transformed to give a final
matrix size of 2 K� 1 K.

Materials


Reagents and starting materials were purchased from
Sigma-Aldrich, Deisenhofen, Germany. Free cytidine and
guanosine were O-silylated using triisopropylsilyl
chloride. The synthesis of 4-15N labeled cytidine18 as
well as of nucleoside analogs P(1), P(3), P(4), and P(5)13


has been described before. Acetylation of P(1) by
standard methods using acetyl chloride in THF/pyridine
at room temperature gave P(2) in 85% yield. Reactions
were controlled by TLC on silica gel plates (Merck silica
gel 60 F254) and all nucleosides purified by HPLC prior to
NMR measurements.


Spectral and analytical data for P(2): 1H NMR
(250 MHz, 293 K, CDCl3): d (ppm)¼ 2.21 (s,
3H; CH3), 4.54–4.79 (m, 3H; H40, H50, H500), 6.12 (d,
1H; H10), 6.22 (t, 1H; H30), 6.29 (m, 1H; H20), 7.29–8.22
(m, 18H; ArH). MS (FAB): 649.2 (MþH)þ. Anal. calcd
for C36H28N2O10: C 66.66; H 4.35; N 4.32; found: C:
66.31; H 4.52; N 3.90.
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ABSTRACT: Formations of triplet state, molecular cation radical, and phenoxyl radical of 3,4-methylenedioxy phenol
(sesamol, SOH) in organic solvents have been investigated by laser photolysis as well as pulse radiolysis techniques.
Photolysis of SOH in cyclohexane has been found to produce both triplet state (lmax� 480 nm) and phenoxyl radical
(425–430 nm) of SOH by mono-photonic processes. However, radical cation (lmax¼ 450 nm) and phenoxyl radical of
SOH have been observed on radiolysis in cyclohexane. Further, radiolysis of SOH in benzene has been found to
produce phenoxyl radical only. Mechanism of phenoxyl radical formation by photo-excitation of SOH has been
studied and triplet energy level of SOH is estimated to lie between 1.85 and 2.64 eV. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: sesamol; radiolysis; photolysis; radical cation; triplet

INTRODUCTION


Photochemical reactions of phenyl derivatives, especially
phenols, are of importance because of their widespread
use and resemblance to aromatic amino acids. Photo-
dissociation of alkylbenzenes is known to yield benzyl
radical.1 Extensive investigations on the formation of
benzyl and its isovalent radicals have been reported
earlier in the context of molecular structure and excited
state dynamics.2 Phenols, which are isovalent to
alkylbenzenes, are extensively used as free radical
scavengers and light quenchers. Porter et al.3 first
reported absorption spectra of phenoxyl radical produced
on photolysis. Absorption spectra of phenoxyl radicals
were further confirmed by pulse radiolysis4 and
photolysis of phenol, anisole, and their derivatives.2,5,6


Carbonyl sensitized formation of phenoxyl radical in
laser flash photolysis is also well known.7


Photo-excitation of phenols can lead to fluorescence,
phosphorescence, photo-ionization, phenoxyl radical
formation, etc. [Eqns (1–6)]. These processes depend
on the reaction conditions like solvent, wavelength of
excitation, intensity of excitation beam, etc.8–17 In
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organic solvents, photolytic formation of phenoxyl
radical15,16 is assumed to originate from the first excited
singlet state by direct O—H bond dissociation Eqn (4)] at
low excitation energy and via the deprotonation of the
intermediate phenol radical cation [Eqn (5)] at higher
excitation energies (>0.5 mJ/pulse) of laser pulses.


ArOH ðS1Þ ! ArOH ðS0Þ þ hnf fluorescence (1)


! ArOH ðS0Þ Internal conversion (2)


! ArOH ðT1Þ Intersystem crossing (3)


! ArO: þ H: dissociation (4)


ArOH þ 2hn ! ½ArOH:þ þ e�� ! ArO: þ H: (5)


ArOHT þ ArOH ! ArO: þ ðH � ArOHÞ: (6)


Grabner et al.14 have reported formation of phenoxyl
radical from photo-excited S1 state of phenols derivatives
in organic solvents. Similarly, Hermann et al.15 have also
reported formation of phenoxyl radical (F< 10%)
explicitly from photo-excited S1 state of phenols and
not from the triplet state by using 266 nm photons and low
energy (<0.5 mJ/pulse). The triplets of phenol and phenol
derivatives are reported to have life times of a few
microseconds; weak absorption in the visible range
(�430 nm) and varying quantum yields depending on the
substituent.14,15,17 It has been also shown that ArO—H
bond dissociation is a purely mono-photonic process in
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Scheme 1. Sesamol (SOH)
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organic solvents.14 Earlier, Kajii and Obi2 have also
shown that photo-dissociation of phenol does not take
place through multiphoton process but in a mono-
photonic process by pre- and/or direct-dissociation.


In the present paper, kinetics and mechanism of
formation of transients of 3,4-methylenedioxy phenol,
sesamol, produced on photolysis and radiolysis in organic
solvents have been reported (Scheme 1). Sesamol (SOH)
is a constituent of sesame seed oil, which imparts
antioxidant activity and thermal stability to the oil. The
study is of importance due to its proposed use as a
photo-protector.18,19

EXPERIMENTAL


Laser flash photolysis


The laser flash photolysis setup (7 ns, 266 nm excitation)
at Interdisciplinary Group, Time Resolved Spectroscopy,
University of Leipzig, Leipzig, was used and is described
elsewhere.15

Table 1. Photophysical properties of SOH in different sol-
vents


Solvent
Dipole


moment (D)
Polarity


function (Df)
lflu


max
(nm)


tflu


(ns)


Water 78.54 0.406 345 0.78
Benzene 2.275 0.116 339 0.96
Cyclohexane 2.015 0.0998 335 0.91

Fluorescence studies


Ground-state absorption measurements were made with a
Shimadzu UV-160A UV–visible spectrophotometer.
Steady state fluorescence experiments were carried out
with a Hitachi F-4010 fluorescence spectrophotometer
fitted with a Hamamatsu R-928 photomultipier tube.
Fluorescence lifetime measurements were performed
with a time domain fluorescence spectrometer (model
199, Edinburgh Instruments, UK) which uses a gated
hydrogen discharge lamp as the excitation source
(repetition rate of 30 kHz and FWHM� 1 ns) and
EG&G ORTEC single-photon-counting data acquisition
system, interfaced with a LSI-11/23 (Plessey, UK)
computer. The observed fluorescence decay function
F(t) is a convolution of the true fluorescence decay
function GðtÞ ¼


P
i Bi expð � t=tiÞ and the instrument


response function I(t) and was analyzed by using an
appropriate re-convolution program employing a non-
linear iterative least squares fitting method. Here Bi is the
pre-exponential factor and ti the fluorescence lifetime for
the ith component.
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Electron pulse radiolysis


The pulse radiolysis setups at Interdisciplinary Group,
Time Resolved Spectroscopy, University of Leipzig,
Leipzig, Germany (1 MeV, 15 ns electron pulse) and at
Radiation & Photochemistry Division, Bhabha Atomic
Research Center, Mumbai (7 MeV, 50 ns electron pulse)
were used and are described elsewhere.20,21


The uncertainty in the measurements of wavelength,
transient absorption, lifetime, and rate constants are 5 nm,
�10%, �10%, and �15%, respectively.


Chemicals


Sesamol of highest commercially available purity
(>98%) from Fluka was used as received. All the
solvents were of spectroscopy grade. All other chemicals
were of Analytical Reagent grade. N2 and O2 used were of
highest available purity (99%).

RESULTS AND DISCUSSION


In the present work, absorption and fluorescence of SOH
in H2O, cyclohexane (C6H12), and benzene (C6H6) have
been studied before time resolved studies to understand the
solvent effect on these parameters and are reported in
Table 1. SOH has been found to have fluorescence
maximum (lf) at 335 nm (lex¼ 303 nm) with tf � 0.9 ns in
cyclohexane. It can be seen from Table 1 that increase in
solvent dipole moment or polarity function decreases tf.
Reduction in fluorescence lifetime (tf) with increase in
solvent dipole moment or polarity function from C6H12


(C6H6)!H2O shows the presence of vibrational
de-excitation channels with H2O molecules because of
hydrogen bonding of phenolic and methylenedioxy groups.
Similarly, a small red shift in fluorescence maxima with
increase in polarity has been also observed which may be
due to change in electronic structure of excited state with
respect to ground state (figure not shown).

Laser flash photolysis studies


Laser photolysis (7 ns pulse of 5.3 mJ, 266 nm) of
de-aerated solution of SOH in cyclohexane produced
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absorption spectrum having lmax at 320, 405, 425, and
480 nm at 450 ns after the pulse (Fig. 1A, trace a).


The absorption bands at 320 and 425 nm are similar to
those observed earlier for sesamolyl radical (SO.)22,23 but
those at 405 and 480 nm are new absorption bands.
Further, laser photolysis in oxygen-saturated solution (a
triplet quencher, ET¼ 1 eV24) produced absorption bands
at 320 and 425 nm only and not at 405 and 480 nm
(Fig. 1A, trace b). Quenching of absorption bands at 405
and 480 nm by oxygen suggests that these may be due to
sesamol triplet. A comparison of curves ‘a’ and ‘b’ in
Fig. 1A also shows that triplet absorption spectrum of
SOH is quite broad.


The absorption band at 480 nm was found to decay
faster (tm¼ 2.6ms) as compared to that at 425 nm
(tm¼ 6.4ms) (Fig. 1B). Therefore, the difference spec-
trum (trace c in Fig. 1A) has been drawn to get the
absorption spectrum of sesamol triplet (SOHT). The
spectrum beyond 10ms has been found to be similar to
that of phenoxyl radical of SOH (sesamolyl radical, SO.)
observed earlier.22,23 The decay kinetics of the absorption
band at 480 nm was further investigated by laser
photolysis (7 ns pulse of 5.3 mJ, 266 nm) of SOH in
cyclohexane under different concentrations of oxygen
(Fig. 1C). It can be seen from Fig. 1C that the decay rate
of transient having lmax at 480 nm increases with increase

Figure 1. (A) Transient absorption spectrum obtained from ph
de-aerated condition, (b) in oxygen-saturated condition, and (c)
photolysis of SOH (1� 10�3mol dm�3) in de-aerated cyclohexane
(b) aerated, and (c) oxygen-saturated solution
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in the concentration of oxygen. This confirms that
absorption band at 480 nm is due to sesamol triplet, which
is quenched by oxygen in a concentration dependent
manner with k¼ 1.15� 109 dm3 mol�1 s�1. Further, the
measured triplet state lifetime for SOH in organic solvent
(cyclohexane) is close to those reported for phenol
derivatives in aqueous solution.10


In order to get the value of triplet energy level of SOH,
energy transfer from SOHT to other quenchers has been also
studied. Absorption band of SOHT has been quenched by
anthracene (at [SOH]/[anthracene]� 10) with a bimolecular
rate constant of 1.75� 1010 dm3 mol�1 s�1 to produce
a spectrum of anthracene triplet (ET¼ 1.85 eV, lmax¼
425 nm25) (Fig. 2). Energy transfer from SOHT to
anthracene is also evident by the kinetic traces observed
at 425 nm in the presence and absence of quencher. A sharp
decay in absorption followed by growth at 425 nm observed
in the presence of anthracene (inset in Fig. 2) shows energy
transfer from SOHT to anthracene. However, SOHT has not
been quenched by biphenyl (ET¼ 2.85 eV).25 This suggests
that energy level of SOHT lies in between anthracene triplet
(1.85 eV) and biphenyl triplet (2.85 eV).24,25


The mechanism of formation of SOHT and SO. has
been studied by measuring the absorption at 480 and
425 nm, respectively with increase in excitation energy
per laser pulse. A plot of the absorptions at 480 and

otolysis of SOH (1�10�3mol dm�3) in cyclohexane (a) in
the difference of spectra (a)–(b). Kinetic traces obtained on
: (B) at (a) 425 and (b) 480 nm; (C) 480 nm for (a) de-aerated,
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Figure 2. Transient absorption spectrum obtained from photolysis of de-aerated SOH (1.58�10�3mol dm�3) and anthracene
(1.6�10�4mol dm�3) in cyclohexane. Inset: Traces at 425 nm from a solution of SOH (1.58�10�3mol dm�3) (a) in absence
and (b) in presence of anthracene (1.6�10�4mol dm�3) under identical conditions
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425 nm with increase in laser energy from 1 to 10 mJ per
pulse (Fig. 3a and 3b) shows a linear fit. Further, a plot of
log(DA) against log(laser power) has been also found to
be linear (i.e., DA/ (laser power)n) n¼ 1). This
suggests that the processes of triplet as well as radical
formation are mono-photonic (from 1 to 10 mJ per pulse)
as reported earlier for phenols also.2,14,15 However, at
15 mJ/pulse energy there is some deviation from linearity
suggesting that other mechanisms also occur.


In the present study, SOHT (405 and 480 nm) as well
as SO. (320 and 425 nm) appeared simultaneously on
photolysis of SOH at 0.45ms after the laser pulse. The
absorption bands for SOHT and SO. have been produced
by mono-photonic processes on laser photolysis at
266 nm and 5.3 mJ per pulse. This suggests simultaneous

Figure 3. Laser intensity dependence of formation of (a) SOHT
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formation of SOHT and SO. [Eqns (3, 4)].15 The formation
of SO. could also take place by triplet state H-abstraction
reaction [Eqn (6)] as observed earlier for SOH in aqueous
solution.13 Photolysis of SOH in organic solvents has
been found to produce both triplet and phenoxyl radical of
SOH (SO.) which may affect the use of SOH as a
photo-protector. In order to further estimate the energy of
SOHT, energy transfer from various sensitizers to SOH
has been attempted using pulse radiolysis technique.

Electron pulse radiolysis studies


Pulse radiolysis of de-aerated solution of SOH in
cyclohexane produced transient absorption spectrum

and (b) SO.
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Figure 4. Transient absorption spectrum obtained on elec-
tron pulse radiolysis of de-aerated solution of SOH
(1� 10�2mol dm�3) in cyclohexane. Dose¼40Gy. Inset:
Absorption traces at (a) 420 nm and (b) 450 nm under similar
conditions. Dose¼40Gy


Figure 5. Transient absorption spectrum observed in
the pulse radiolysis of de-aerated solution of SOH
(2� 10�2mol dm�3) in benzene. Dose¼ 100Gy
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with maximum at 430 and 450 nm (Fig. 4). Radiolysis of
cyclohexane is known to produce excited states and
radical cation of solvent molecule [Eqn (7a)], which react
with solute to produce solute transients. In an earlier
study, solvent radical cation of 1-BuCl has been found to
produce SOH.R (lmax¼ 455 nm, tm� 2.2ms) and SO.


(lmax¼ 430 nm) in the first step followed by deprotona-
tion of SOH.R to produce SO. in the second step.23


Therefore, radiolysis of SOH in cyclohexane has been
assumed to produce sesamol radical cation (SOH.R,
lmax¼ 450 nm) and sesamolyl radical (SO.,
lmax¼ 430 nm) in the same way.


C6H12 �����> C6H�
12 ðG � 0:23Þ;


C6H:þ
12 þ e� ðG � 0:44Þ


(7a)


C6H:þ
12 þ SOH ! C6H12 þ SOH:þ; ðSO: þ HþÞ (7b)


1 � BuCl ����> ð1 � BuClþ þ e�Þ; Bu:; Cl�


(8a)


SOH:þ þ Cl� ! SO: þ HCl (8b)


The absorption band at 450 nm due to SOH.R has been
found to decay faster than that due to SO. (430 nm) (inset
of Fig. 4) in this case also. Longer lifetime of SOH.R


(tm� 5.0ms) has been observed in cyclohexane as
compared to that in 1-BuCl (tm� 2.2ms). This could
be due to charge neutralization reaction of SOH.R


with Cl-, which is produced in the radiolysis of 1-BuCl
solvent [Eqn (8a, b)]. Radiolysis of SOH in cyclohexane
has not produced absorption band for SOHT (Fig. 4).


On the other hand, pulse irradiation of SOH in
de-aerated benzene produced a transient absorption
spectrum with bands at 330 and 430 nm only (Fig. 5).
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Radiolysis of benzene is known to produce excited
singlet state (G¼ 0.15mmol J�1, E¼ 4.77 eV, t¼ 27 ns),
excited triplet state (G¼ 0.41mmol J�1, E¼ 3.69 eV,
t¼ 3.4 ns), and solvent radicals25–32 [Eqn (9)]. The
triplet forms an excimer by coupling with a ground-state
benzene molecule, which decays with a lifetime of about
4.9 ns.30 The excited singlet state is reported to produce
molecular hydrogen and acetylene,31 whereas the excited
triplet state is believed to decay to a phenyl radical and H
atom.27,28 The total radical yield (phenyl radical and
hydrogen atom) in benzene radiolysis is known to be
about 0.07mmol J�1.32 Further, pulse radiolysis studies in
liquid benzene have shown that the rate coefficient for the
reaction of phenyl radicals with the solvent (benzene) is
low (3.1� 105 dm3 mol�1 s�1).


In the present work, absence of absorption band/
shoulder of SOHT (lmax¼ 480 nm) in the radiolysis of
SOH (2� 10�2 mol dm�3) in benzene could be due to
energy transfer process [Eqn (10)] followed by fast
H-atom abstraction by SOH triplet [Eqn (6)]. The
radiation dose (100 Gy) used in the present work coupled
with radical yield in benzene radiolysis (0.07mmol J�1)
suggest that the phenyl and H radical produced in the
radiolysis of benzene react with SOH to directly
produce SO. radical (330, 430 nm) [Eqn (11)]. An
overlapping absorption has been observed in the
300–500 nm region with absorption band of SO. (330,
430 nm). This overlapping absorption in the 350–500 nm
region could be due to the absorption of phenyl radical
(C6H:


5) adduct of SOH in benzene. This is assumed on the
basis of formation of solvent radicals (C6H:


5, H.) in the
radiolysis of benzene.‘


Sesamolyl radical SO. has been found to decay,
like other phenoxyl radicals, in a second order manner
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with 2k¼ 3� 109 dm3 mol�1 s�1. Radiation-induced for-
mation of excited states and radicals with their yield for
benzene are shown in Eqn (9).


C6H6 �����> C6H�
6 ðG ¼ 0:56Þ;


C6H:
5 þ H: ðG ¼ 0:07Þ


(9)


C6H�
6 þ SOH ! C6H6 þ SOH� (10)


SOH þ C6H:
5=H: !!! SO: þ C6H6=H2 (11)


The quantities in the parenthesis are radiation chemical
yield in the unit of mmol per Joule of absorbed energy.
The yield of SO. on radiolysis of SOH in cyclohexane and
benzene has been found to be 0.027 and 0.138mmol J�1


of absorbed energy. This calculation is based on the
assumption that molar absorption coefficient of SO. is the
same (e430 nm¼ 5540 mol�1 dm3 cm�1) as that observed
in aqueous medium.22 Similarly, the yield of SOH.þ in the
radiolysis of SOH in cyclohexane has been found to be
0.02mmol J�1 of absorbed energy. This has been
calculated by taking molar absorption coefficient of
SOH.þ in cyclohexane similar to that observed in 1-BuCl
(e455 nm¼ 4500 mol�1 dm3 cm�1).23 There is no corre-
spondence of G-values of SO. or SOH.þ with the G-values
of either excited state or radical of the solvent. This
difference in G-values further suggests that excited state
of solvent directly produces SO. radical as observed in the
photolysis of SOH in cyclohexane (reported in earlier
section).

Energy transfer studies


Energy transfer from triplet state of benzophenone
(ET¼ 3.03 eV), biphenyl (ET¼ 2.85 eV), and naphtha-
lene (ET¼ 2.64 eV) to SOH has been also studied to get
triplet state energy of SOH.24,25 These sensitization
studies have been performed in benzene solutions and the
energy transfer rate constants have been measured by
following the decay of the absorption of sensitizing
triplet. A step-wise energy transfer occurs from benzene
to sensitizer followed by sensitizer to SOH. The observed
rate constants have been found to decrease with decrease
in triplet energy of the sensitizers. The measured rate
constants for energy transfer from triplet state of
benzophenone and naphthalene to SOH are 5.4� 109


and 2.0� 106 dm3 mol�1 s�1, respectively. It has to be
noted that no increase in absorption has been observed at
430 nm (lmax of SO.) in energy transfer studies suggesting
against an H atom abstraction by the sensitizers.

SUMMARY


SOH has been found to produce excited states and
reactive phenoxyl radicals on photolysis in organic
solvents. It has been found to have lf at 335 nm

Copyright # 2007 John Wiley & Sons, Ltd.

(lex¼ 303 nm) with tf� 0.9 ns in cyclohexane. Laser
photolysis of SOH in cyclohexane produced triplet
(SOHT, tm¼ 2.6ms) and phenoxyl radical (SO.) of
SOH. SOHT is quenched by anthracene with
k¼ 1.75� 1010 dm3 mol�1 s�1. Formation of SOHT


and SO. radical in the photolysis of sesamol in
cyclohexane has been found to be mono-photonic
processes. On the other hand, pulse radiolysis of SOH
in cyclohexane produced radical cation SOH.R and SO.


radical. Radiolysis of SOH in benzene produced SO. only.
Energy transfer from triplet state of benzophenone and
naphthalene to SOH has been found to take place at
5.4� 109 and 2.0� 106 dm3 mol�1 s�1, respectively.
Energy level of triplet state of SOH is estimated to lie
between 1.85 and 2.64 eV.
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ABSTRACT: The interaction of estrone and estradiol with b-cyclodextrins (bCD) was investigated by differential
pulse voltammetry (DPV) and high-performance liquid chromatography (HPLC) in mixed media. The co-solvent
influence on the tendency of these estrogens to form inclusion complexes with bCD was examined. Thus, acetonitrile
(MeCN) and ethanol (EtOH) were used in a mixed aqueous medium containing phosphate buffer. The association
constant of the inclusion complexes (Ka) of estrone and estradiol with bCDwere determined in two different media by
using both voltammetric and chromatographic techniques. Estradiol was found to bind to bCD with higher affinities
than estrone, irrespective of the medium.We have also found a clear influence of the co-solvent on the Ka value, which
means a competition of co-solvent molecules with estrogens for binding to the cavity of bCD. Consequently,
interaction between bCD and the steroids is weakened when acetonitrile is used. Copyright # 2007 John Wiley &
Sons, Ltd.

KEYWORDS: b-cyclodextrin; inclusion complexes; steroids

INTRODUCTION


Cyclodextrins (CDs) are cyclic compounds that have been
widely used in the pharmaceutical industry due to their
ability to form inclusion complexes. This property has
been used to solubilize, stabilize, decrease the volatility of
drug molecules, and improve bioavailability.1 To predict
the effects of CDs on these properties, it is important to
know the strength of binding of these agents to drugs.
Therefore, determination of the association constant (Ka)
of cyclodextrin/guest complexes is very important
because it accounts for the magnitude of interaction
between host and guest molecules.


Several techniques have been used to examine the
interaction between CD and different drugs, including
spectroscopic,2 calorimetric,3 and chromatographic
methods.4–6 Some voltammetric methods have also been
used to study the formation of some inclusion complexes
of bCD in aqueous7 and mixed8 media. Furthermore, a
polarographic method has also been used to study a- and
bCD interaction with chloronitrobenzenes,9 and with
the supramolecular system, meso-tetrakis (4-N-trimethyl-
aminobenzyl) porphyrin, with different CDs.10
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In this work, we evaluate the utilization of a
voltammetric technique to determine bCD interaction
with some steroids of interest such as estrone and
estradiol.


Estrone and estradiol are naturally occurring steroid
hormones (estrogens) essential for the development and
maintenance of female sexual characteristics. Moreover,
estrogens are known to be powerful antioxidants
independently of their binding to estrogen receptors
and hormonal functions.11 CD-encapsulated steroids are
widely used in drug formulation12,13 resulting in
beneficial pharmaceutical effects including increase in
water solubility and stability. Studies of steroid/cyclo-
dextrin complexes are interesting from the point of view
of drug design.14 In this process, formulation becomes an
important aspect based on the need for appropriate dosage
form, stability, solubility, and dissolution character-
istics.15 In spite of the number of publications in this
area, there are only about 30 different pharmaceutical
products on the market. On this way, investigations of
interactions and structure of the complexes are required
because it is important for a pharmaceutical formulator to
know an optimized cyclodextrin/drug relationship in
relation to drug delivery from the formulations. Inclusion
complexes of estrogen-related steroids with cyclodextrins
have been studied principally by high-performance liquid
chromatography (HPLC).1,5 The stoichiometry and bind-
ing constants of the complexes under study have been
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established by this technique. Therefore, assuming a 1:1
stoichiometry as it was previously established, we have
applied electrochemical techniques to the study of
steroid/cyclodextrin inclusion complexes.


To the best of our knowledge, no electrochemical
methods have been described for steroid/bCD interaction.
On the other hand, according to Bednarek et al.,2 the poor
solubility of these systems makes accurate association
constant determination difficult to conduct. Considering
the poor solubility of steroids in aqueous solutions and the
capability of electrochemical techniques to work with
diluted solutions, we expect that this novel method will
represent an improvement in the study of steroid/
cyclodextrin interaction.


The aim of this study was to investigate the feasibility
of formation of inclusion complexes between estrone and
estradiol with bCD. In addition, we combined electro-
chemical techniques, that is, differential pulse voltam-
metry (DPV) with HPLC studies in order to obtain further
information about the dynamics of cyclodextrin com-
plexation.

EXPERIMENTAL


Reagents and solutions


bCD was obtained from Calbiochem and was used
without prior purification. Estrone and 17-b-estradiol
were supplied by SIGMA (Fig. 1). All solvents were of
HPLC grade and all the other reagents employed were of
analytical grade. All solutions were prepared with
ultrapure water (rho¼ 18.2MV cm) from a Millipore
Milli-Q system.


All the voltammetric experiments were obtained after
bubbling with N2 for 10 min in the cell before each run.
Temperature was kept constant at 25� 0.1 8C in all the
experiments.

Apparatus


Electrochemical experiments were carried out using a
totally automated BAS-50 voltammetric analyzer
attached to a PC computer with proper software (BAS
50-W version 2.0) for total control of the experiments and
data acquisition and treatment.


DPV and Cyclic voltammetry (CV) experiments were
carried out using glassy carbon as working electrode. A
platinum wire counter electrode and an Ag/AgCl as
reference electrode were used for the measurements.


HPLC measurements were carried out by using a
Waters assembly equipped with a model 600 Controller
pump and a model 996 Photodiode Array Detector. Data
acquisition and treatment were performed by means of
the Millennium version 2.1 software. As a chromato-
graphic column and a guard column, Symmetry1 C18
(3.9� 150mm) and Symmetry1 C18 5mm (3.9�


Copyright # 2007 John Wiley & Sons, Ltd.

20mm) were employed, respectively. The injector was a
20mL Rheodyne valve, model 7125.


Methods


Voltammetric experiments. Current titrations were
carried out by keeping constant estrone or estradiol
concentrations (1� 10�4M) while varying bCD concen-
trations (0 to 15mM). Each solution was prepared
independently. Two different mixed media were used:
MeCN/0.1 M phosphate buffer (35/65) and EtOH/0.1 M
phosphate buffer (25/75). All the experiments were
performed at pH 5.0. The solutions were shaken
thoroughly for 10 min and allowed to reach equilibrium
at room temperature. The working electrode was polished
between each measurement with 0.3mm alumina
(Buehler). The final polishing was done with 0.05mm
alumina and was followed by a thorough rinse with water.


The current titration equation has been described as
follows16–19 and has been deduced according to
references20–22


1


½bCD� ¼ Ka


ð1� AÞ
1� Ip=Ip;0


� Ka (1)


where Ka is the complex association constant, Ip,0 and Ip
are the peak currents in the absence and in the presence of
bCD, respectively. [bCD] is the molar concentration of
bCD and A is a constant. This equation can be used if a 1:1
association complex is formed and if CD concentrations
are much larger than the total concentration of the drug.
The current values were obtained as the average of at least
five independent determinations of each solute.


Selection of electrochemical parameters. Differ-
ential pulse voltammetry current is dependent on
electrochemical parameters, such as scan rate, amplitude,
and width of the pulse. The effects of these parameters
were studied in order to optimize conditions for the
oxidation of estrone and estradiol. The influence of scan
rate on oxidation current was investigated. Scan rate
values from 5 to 40mV s�1 were tested and the results
showed that both oxidation current and background
increased with scan rate. However, the ratio of the peak
current to the blank, Ip,0/IB, reached a maximum using a
scan rate of 20mV s�1, which was adopted for all
subsequent experiments.


The amplitude and width of the pulse varied from 30 to
80mV and from 30 to 80ms, respectively. These were
found not to affect symmetry to a great extent, but the
sensitivity of the peak was better using 50mV pulse
amplitude and 50ms pulse width.


HPLC experiments. An aliquot of solution of each
steroid was taken and 20mL volume was injected into the
chromatographic system. A mixture of MeCN/0.05M
phosphate buffer (35/65) at pH 5.0 containing different
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Figure 2. Differential pulse voltammetry curves for
1� 10�4M estrone in MeCN/buffer phosphate (A) and
EtOH/buffer phosphate (B) and for 1� 10�4M estradiol in
MeCN/buffer phosphate (C) and EtOH/buffer phosphate (D)
in the absence (1) and the presence of (2) 2.5, (3) 4.0, (4) 5.0,
(5) 7.5, (6) 10mm of bCD. Potential scan rate 20mV s�1,
pulse amplitude 50mV, pulse width 50ms
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cyclodextrin concentrations was used as mobile phase.
The photodiode array (PDA) detector operated at 280 nm
for both steroids. Mobile phase flowwas kept at 1mL/min
and helium bubbling of 30mL/min was applied to remove
dissolved gases.


The association constant was obtained using:5


1


k0
¼ bCD½ �Ka


k0
þ 1


k0


where, k0 and k0 are the capacity factor with and without
CD, respectively. [bCD] is the bCD concentration in the
mobile phase, and Ka is the complex association constant.


Capacity factors were calculated as usual using sample
retention time (tr) and dead time (tm). Dead time was
measured by injecting 20mL of methanol at each
temperature for each mobile phase.


k0 ¼ ðtr � tmÞ
tm


Capacity factors are based on the average of at least five
independent determinations of each solute at each
temperature.

RESULTS AND DISCUSSION


Differential pulse voltammetry of 0.1mM estradiol and
estrone solutions in two different mixed media (MeCN/
buffer and EtOH/buffer) at pH 5.0 was carried out. As
shown in Fig. 2 (lines in the absence of bCD), estradiol
and estrone displayed well-resolved voltammetric peaks
on glassy carbon electrode. The peak potential is slightly
more positive for estrone than for estradiol (604 and
592mV in MeCN/buffer; 659 and 648mV in EtOH/
buffer, respectively). According to a previous study23


related to electrochemical oxidation of estradiol, it is
possible to affirm that the electrode process involves a
two-electron transfer producing a phenoxonium ion. This

Figure 1. Molecular structures of estrone (A), estradiol (B),
and b-cyclodextrin (C)
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phenoxonium ion forms a ketone by a further chemical
reaction. We have also obtained cyclic voltammograms of
estradiol and estrone in mixed media. Both compounds
produced an irreversible wave on glassy carbon electrode
at sweep rates between 0.1 and 3V/s (Fig. 3). As
expected, the current peak in the absence of bCD, IP,0,
increased with scan rate (v).24 Furthermore, the plot
between log IP,0 versus log v (inset Fig. 3) was linear and
showed slope values of 0.82 and 0.65 for estradiol and
estrone, respectively. When a diffusion process takes
place, a slope of 0.5 is obtained and a slope of 1 is
obtained for an adsorption process. Intermediate values of
the slope suggest a ‘mixed’ diffusion–adsorption pro-
cess.25 Thus, the electrochemical process has a mixed
control for these steroids.


The effect of bCD concentration on the DPV response
of estrone and estradiol is shown in Fig. 2. A decrease of
current intensity with increasing bCD concentration is
observed. This effect is due to the decrease in the apparent
diffusion coefficient of estrogen, when it is complexed
with bCD. Both, guest and host are in equilibrium with
the complex. However, cyclodextrin has no redox
processes. Therefore the current response is the result
of the oxidation of both the free estradiol and the
complexed estradiol molecule. In order to confirm that
formation and dissociation of the inclusion complex are
fast enough to maintain equilibrium on the time scale of
the experiment, we have repeated the experiments at
different pulse widths. We obtained the ratio of oxidation
peak current to its value in the absence of bCD, Ip,0 as a
function of pulse width. This ratio was measured at
different bCD concentrations (2, 5, 7.5, and 10mM). Two
of these different concentrations are shown in Fig. 4.
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Figure 3. Cyclic voltammograms of estrone (A) and estra-
diol (B) in MeCN/buffer phosphate at different sweep rates.
Inset: Dependence log of the peak current on sweep rate for
each set of experiments


Figure 4. Ratio of oxidation peak current in the presence of
bCD (Ip) to oxidation peak current in the absence of bCD (Ip,0)
as a function of pulse width at 2 and 5mm of bCD


Figure 5. Current dependence on the concentration of the
bCD for estradiol (*) and estrone ( ) in MeCN/buffer
phosphate. Current values obtained from DPV measure-
ments
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Similar results were obtained for all bCD concentrations.
We can see that there is no influence of the pulse width,
showing that the system remains close to equilibrium at
the scan rates tested. In other words, this equilibrium is
not disturbed by the electrode process. With regards to
oxidation peak potential, there is no change with the
increase in bCD concentration. Considering that Sadle-
j-Sosnowska26 has described that these steroids can form
inclusion complexes with bCD at a stoichiometric ratio
1:1, we have assumed the same ratio for this study. As can
be seen in Fig. 5, there is a lower decrease in current
intensity when bCD is interacting with estrone as
compared with estradiol, revealing a difference in the
interaction strength of the two complexes. Using the
equation for current titration previously described (Eqn 1
in Experimental), the complex association constant (Ka)
for estrone/bCD and estradiol/bCD can be obtained.
According to the above Eqn 1, linear plots between
[CD]�1 and (1-Ip/Ip,0)


�1 were obtained confirming the
existence of a 1:1 type complex (Fig. 6). Association
constant values (Ka) for estrone and estradiol in both
media are shown in Table 1. The different resulting Ka


values suggest that inclusion possibly takes place through
the penetration of the D-ring of these steroids into the

Copyright # 2007 John Wiley & Sons, Ltd.

cavity of the bCD. In spite of the special precautions in
performing the experiments, the reproducibility of the
results obtained was higher than 10% as can be seen in
Table 1. As is often observed with solid electrodes, the
results depend upon the treatment of the electrode
surface. For glassy carbon electrodes, a common method
involves polishing with alumina as it was previously
described in Experimental. Thus, an acceptable degree of
reproducibility can be obtained (about 5%).9 However,
the reproducibility in our case might be related to ‘mixed’
diffusion–adsorption process of these steroids on glassy
carbon.

J. Phys. Org. Chem. 2007; 20: 499–505


DOI: 10.1002/poc







Figure 6. Plot of 1/[CD] versus 1/(1-Ip/Ip,0) for estradiol (*)
and estrone ( ) in MeCN/buffer phosphate (A) and EtOH/
buffer phosphate (B). Current values obtained from DPV
measurements
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Moreover, according to the above results, it is clear that
there is a co-solvent effect on the interaction of these
estrogens with the cavity of cyclodextrin. In spite of the
fact that the constants reported in the literature for
the association of bCD to the co-solvent molecules are
negligibly small (Ka of acetonitrile with bCD27 is
6.0M�1, whereas Ka of ethanol with bCD28,29 is
0.94M�1), the difference observed can be explained by
the encapsulation of the co-solvent molecule by the
cyclodextrin, in competition with the CD/steroid com-
plexes formation.


The inclusion of substrates into the cyclodextrin cavity
has been attributed to several binding forces including van
der Waals forces, hydrophobic effect, hydrogen bonding,
macrocycle relaxation, and the release of energetic water
molecules from the cavity.30,31 Actually, some other
factors are involved in the formation of the inclusion
complexes, such as temperature, solvent polarity, and ion
strength. The presence of charged species, molecular
conformations, and guest orientation can also be

Table 1. Association constant of the inclusion complexes
(Ka) of estradiol and estrone with bCD determined by DPV


Ka/M
�1


MeCN/buffer 35/65 EtOH/buffer 25/75


Estradiol 112� 14 200� 32
Estrone 64� 8 138� 20
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considered as critical for the strength of the complex
stability.


The effect of a co-solvent has been studied by some
authors. According to Junquera et al.,32 when the
association constant between the shortest alcohols and
bCD are, at least, a couple of orders of magnitude lower
than the association constant of CD/guest complex, the
interaction with the co-solvent can be neglected. Thus, the
effects observed in the presence of different alcohols used
as co-solvent can be attributed only to a change in the
solvophobic characteristics of the medium, which affects
the affinity of an apolar drug in binding cyclodextrin.
However, in the presence of other organic solvents, the
higher the hydrophobic character of the medium due to
the organic co-solvent, the lower the association to the
apolar drug into the CD cavity. On the other hand, Al
Omari et al.33 have reported that the utilization of
different buffers produces changes in the solubility of
cyclodextrin and/or guest compound, affecting the Ka


values.
Our voltammetric results are in accordance with


Sadlej-Sosnowska34 who found similar tendencies for
the study of the interaction between CD and steroids using
MeOH-H20 (45:55) and MeCN-H20 (30:70) as solvents.
The values of Ka are higher in the first medium than in the
second. Those results were interpreted as being a result of
the more positive enthalpy change connected with the
removal of co-solvent molecules from the CD cavity, and
thus the different competition of MeOH and MeCN with
the solute for binding to CD. The determination of
interactions in alcoholic media is important since in the
same cases, addition of ethanol enhances percutaneous
absorption. An example of this is an anti-inflammatory
drug such as sodium diclofenac.35


With the aim to compare the Ka values obtained by our
voltammetric approach in similar conditions, HPLC
experiments using MeCN/buffer were also performed.
Thus, bCD was introduced in the mobile phase as
described in Experimental. The retention times observed
for each steroid were shorter than those observed in the
absence of bCD. Chromatographic responses for estrone
are shown in Fig. 7 (similar results are obtained for
estradiol). Indeed, this indicates that there is some
interaction degree between bCD and the steroids. Using
solute retention time and dead time, k0 values were
determined for all CD concentrations at different
temperatures. Linear plots of 1/k0 versus [bCD], with a
correlation coefficient higher than 0.998, were obtained in
all cases (Fig. 8). According to Ravelet et al.,6 this kind of
behavior is obtained for inclusion complexes with 1:1
stoichiometry.


Furthermore, we have obtained Ka at different
temperatures, as shown in Table 2. As expected, Ka


decreased with increasing temperature. Our results are in
accordance with Sadlej-Sosnowska34 that reported Ka


values of 191 and 92M�1 for estradiol and estrone,
respectively, in MeCN:H2O (30:70) at 30 8C. However,
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Table 2. Association constant of the inclusion complexes
(Ka) of estradiol and estrone with bCD inMeCN/buffer 35/65
at different temperatures determined by HPLC


Ka/M
�1


258 308 358 408


Estradiol 267� 6 194� 4 158� 4 126� 3
Estrone 89� 2 88� 2 76� 2 75� 2


Figure 7. Chromatograms of estrone with different con-
centrations of bCD inmobile phase: (a) 0, (b) 2, (c) 4, (d) 6, (e)
8, and (f) 10mM. Column, Symmetry C18; Flow at 1mL/min;
detection, UV 280nm
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Ka voltammetric values for estrone and estradiol with
bCD differed from the Ka values as determined using
HPLC technique. In fact, Ka values for steroid/
bCD obtained from voltammetric measurements are
lower than the association constant determined by HPLC

Figure 8. Plot 1/k0 against [bCD] of estrone (A) and estradiol
(B) at 258 ( ), 308 (!), 358 (&), and 408 (~). Chromato-
graphic conditions are the same as in Fig. 7
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experiments. In the case of estradiol, the difference
between voltammetric and chromatographic values is
substantially higher than in the case of estrone. Some
factors can explain the observed results. It has been
established by Rozou et al.36–38 that chromatographic
methods can be affected by other components such as
multiple equilibriums. On the other hand, in the case of
the great difference observed for estradiol, this is
probably due to the effect of adsorption affecting
voltammetric measurements (i.e., dlog IP/dlog v values
are 0.82 and 0.65 for estradiol and estrone, respectively).
Consequently, the voltammetric method developed in the
present study is recommended for diffusion controlled
processes and it seems to be not adequate when ‘mixed’
diffusion–adsorption process takes place. However, this
method was quite fast and gave a good approach to the
difference of the binding strength of estrone and estradiol
with bCD. Further work is in progress in order to quantify
the impact of the adsorption process in Eqn 1.


CONCLUSIONS


The voltammetric interaction between bCD and the
steroids, estradiol and estrone, produced a peak current
decrease when bCD concentration was increased. We
have used these changes and we have applied a
voltammetric method to quantify the interaction. From
the voltammetric results, it may be concluded that
bCD forms inclusion complexes with the steroids
estradiol and estrone. These complexes obeyed a 1:1
type stoichiometry and the resulting association constants
were 112 and 64M�1 for estradiol and estrone,
respectively, in MeCN:Buffer (35:65) at 25 8C.
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18. Yañez C, Nuñez-Vergara LJ, Squella JA. Electroanal. 2003; 15:


1771–1777. DOI: 10.1002/elan.200302720.
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ABSTRACT: 1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-pentane-2,4-dione is spectroscopically and structu-
rally elucidated by means of linear-polarized IR spectroscopy (IR-LD) of oriented solids as a colloidal suspension in
nematic liquid crystal. Structural information and IR-spectroscopic assignment are supported by quantum chemical
calculations at MP2 and B3LYP level of theory and 6-311þþG�� basis set. The geometry is characterized with an
inramolecular hydrogen bond of NH. . .O¼¼C with length of 2.526 Å and a NHO angle of 140.5(1)8. The
NH—C(CH3)C¼¼C—C¼¼O(CH3) fragment is nearly flat with a maximal deviation of total planarity of 10.48.
Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: 1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-pentane-2,4-dione; IR-LD spectroscopy; solid-state;


colloidal suspension in nematic liquid crystal; quantum chemical calculations; 1H-NMR

INTRODUCTION


Enaminones, as defined by Greenhill1 are compounds that
combine the ambient electrophilicity of enones with the
ambient nucleophilicity of enamines. For this reason their
chemical reactivates are very diverse and they have found
numerous synthetic applications.2–4 The potential bio-
logical activity motivates structural and spectroscopic
studies of these derivatives. Structural and theoretical
studies on enaminones have been published previously,5–7


but to the best of our knowledge linear dichroic infrared
(IR-LD) spectroscopy has been used only on one object,
3-ethylamino-2-(4-nitro-benzoyl)-but-2-enoic acid phe-
nylamide,7 which belongs to this interesting class of
organic compounds. In this paper we describe the appli-
cation of the solid-state LD-IR technique for structural
investigation of 1,1,1-trichloro-3-(1-phenethylamino-
ethylidene)-pentane-2,4-dione (Scheme 1) – an enam-
inone with interesting structural features. This compound
was synthesized as a part of synthetic methodology
project8 according to Scheme 2. The compound studied is
an example of resonance assisted hydrogen bonding,
which is a synergistic interplay between p-delocalization
and hydrogen bond strengthening originally introduced

to: T. M. Kolev, Institute of Organic Chemistry,
my of Sciences, Acad. G. Bonchev Street, Building 9,
aria.
rgchm.bas.bg
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by Gilli and co-authors5 to explain the abnormally strong
intramolecular NH. . .O¼¼C bonds formed in b-enaminones
and related compounds. This type of intramolecular
H-bond and the possible rotamers and tautomers make the
title compound an interesting object for LD-IR studies.

EXPERIMENTAL


Synthesis


4-Phenethylamino-pent-3-en-2-one (2). Acetyla-
cetone (0.300 g, 3mmol) was added to a solution of
2-phenylethyl amine (0.364 g, 3mmol) in DCM (10ml).
Then Na2SO4 (1 g) was added and the mixture was stirred
overnight at 25 8C. After that, the sodium sulfate was
filtered off and the solvent was removed by distillation. 2
was isolated as 0.597 g of yellow oil (98%).


1H-NMR d (ppm)¼ 1.83 (s, 3H), 2.01 (s, 3H), 2.85 (t,
2H, J¼ 7.0Hz), 3.43–3.51 (m, 2H), 5.01 (s, 1H), 7.25–
7.61 (m, 5H) and 10.85 (Br, 1H).


1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-
pentane-2,4-dione (3). To a cooled (0–5 8C) and
stirred solution of the enaminone 2 (0.203 g, 1mmol)
and Et3N (0.14ml, 1mmol) in CH2Cl2 (5ml) was slowly
added trichloroacetyl chloride (1mmol). The reaction
mixture was allowed to reach room temperature and the
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Scheme 1. Chemical diagram of 1,1,1-Trichloro-3-(1-
phenethylamino-ethylidene)-pentane-2,4-dione
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stirring continued overnight. The mixture was then
washed with water (200ml), dried (Na2SO4) and the
solvent was removed on a rotavap. Column chromatog-
raphy on neutral alumina in Et2O: petroleum gave 3 as
yellow crystals (0.279 g, 80%, m.p. 70–71 8C).


1H-NMR d (ppm)¼ 1.88 (s, 3H), 2.22 (s, 3H), 2.95 (t,
2H, J¼ 6.8Hz), 3.56–3.70 (m, 2H), 7.25–7.50 (m, 5H)
and 12.03 (Br,1H).

Materials and methods


4000–400 cm�1 solid-state IR spectra were recorded on a
Bruker 113 v FT-IR spectrometer (resolution 2 cm�1, 250
scans) equipped with a Specac wire-grid polarizer. Oriented
solid samples were obtained by the new method9,10


applied in linear-polarized IR spectroscopy, i.e. a colloidal
suspension in a nematic liquid crystal of the 40-cyano-
40-alkylbicyclohexyl type (ZLI 1695, Merck). The
validation of the method, based on a colloidal suspension
in nematic liquid crystal for accuracy, precision and the
influence of the liquid crystal medium on peak positions
and integral absorbances of the guest molecule bands
have been presented.11 Optimization of experimental
conditions and an experimental design for quantitative
evaluation of the impact of four input factors has been
presented.11,12 The number of scans, the rubbing-out of
KBr-pellets, the amount of studied compounds included
in the liquid crystal medium and the ratios of Lorentzian
to Gaussian peak functions in the curve fitting procedure
on the spectroscopic signal at five different frequencies
have been studied.11,12 The nature and balance of the
forces in the nematic liquid crystal suspension system, the
mathematical model for their clearance, morphology of
the suspended particles and the influence of the space
system types on the degree of orientation, i.e., ordering
parameter have been shown13 using 5 liquid crystals and
15 compounds. Applicability of the last approach for

Scheme 2. Reaction scheme
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experimental IR-spectroscopic band assignment and
especially for obtaining of structural information has
been demonstrated in series of organic systems and metal
complexes,14 Cu(II) complexes,15 polymorphs,16 codeine
derivatives,17 peptides their Au(III) complexes, hydro-
chlorides and hydrogensquarates.18,19 IR-LD spectroscopy
and the interpretation of the linear-polarized IR spectra
by so-called reducing-difference procedure20–23 are
described.10–23


1H-NMRmeasurements, referred to TMS, were made at
298K with a Bruker DRX-250 spectrometer using 5mm
tubes and CDCl3 as solvent.


Quantum chemical calculations were performed with
GAUSSIAN 98 program package.24 The visualization is
achieved by ChemCraft program.25 The theoretical
approximation approach has been described.9 The geo-
metry of the studied compound was optimized at two
levels of theory: second-order Moller–Pleset perturbation
theory (MP2) and density functional theory (DFT) using
6-311þþG�� basis set. DFT method employed is B3LYP,
which combines Becke’s three-parameter non-local
exchange functional with the correlation function of
Lee, Yang and Parr. Molecular geometries of the studied
species were fully optimized by the force gradient method
using Bernys’ algorithm. For every structure the
stationary points found on the molecule potential energy
hyper surface were characterized using standard analyti-
cal harmonic vibrational analysis. The absence of
imaginary frequencies, as well as of negative eigenvalues
of the second-derivative matrix, confirmed that the
stationary points correspond to minima of the potential
energy hyper surfaces. The calculated vibrational
frequencies and infrared intensities were checked for
agreement with the experimental data. The DFT method
provides more accurate vibrational data, as the calculated
standard deviations are 10 cm�1 (B3LYP) and 13 cm�1


(MP2), respectively. For this reason the B3LYP/
6-311þþG�� data are presented, where for better
correspondence between the experimental and theoretical
values, a modification of the results using the empirical
scaling factor 0.9614 is done.

RESULTS AND DISCUSSION


Theoretical data


Molecular structures. According to the quantum
chemical calculation only one potential energy hyper
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Scheme 3.


Table 1. Calculated (MP2/6-311þþG��) geometry
parameters as bond lengths (Å) and angles (8) of compound
studied using atom numbering of Scheme 3


Name definition Values Name definition Values


R(1,2) 1.397 A(2,1,3) 120.1 (8)
R(1,3) 1.396 A(1,2,7) 119.7 (1)
R(2,7) 1.397 A(1,3,4) 120.6 (2)
R(3,4) 1.401 A(3,4,5) 118.8 (8)
R(4,5) 1.401 A(3,4,6) 120.5 (7)
R(4,6) 1.518 A(5,4,6) 120.5 (4)
R(5,7) 1.396 A(4,5,7) 120.6 (0)
R(6,8) 1.547 A(4,6,8) 109.9 (5)
R(8,9) 1.475 A(2,7,5) 120.0 (9)
R(9,10) 1.333 A(6,8,9) 109.5(3)
R(10,11) 1.417 A(8,9,10) 125.7 (8)
R(10,12) 1.512 A(9,10,11) 120.2 (6)
R(11,13) 1.451 A(9,10,12) 116.9 (3)
R(11,14) 1.465 A(11,10,12) 122.4 (6)
R(13,17) 1.234 A(10,11,13) 123.2 (1)
R(13,18) 1.590 A(10,11,14) 118.9 (5)
R(14,15) 1.520 A(13,11,14) 117.6 (7)
R(14,16) 1.268 A(11,13,17) 126.7 (3)
R(18,19) 1.869 A(11,13,18) 118.7 (1)
R(18,20) 1.866 A(17,13,18) 113.9 (5)
R(18,21) 1.879 A(11,14,15) 119.7 (4)


— — A(11,14,16) 121.9 (3)
— — A(15,14,16) 118.3 (2)
— — A(13,18,19) 107.0 (9)
— — A(13,18,20) 116.8 (5)
— — A(13,18,21) 109.2 (8)
— — A(19,18,20) 106.9 (4)
— — A(19,18,21) 107.1 (6)
— — A(20,18,21) 109.0 (8)


Dihedral angles (8)
D(3,1,2,7) 0.2 D(12,10,11,14) 162.1
D(2,1,3,4) 0.1 D(10,11,13,17) 135.4
D(1,2,7,5) 0.2 D(10,11,13,18) 54.1
D(1,3,4,5) 0.0 D(14,11,13,17) 39.7
D(1,3,4,6) 177.4 D(14,11,13,18) 130.6
D(3,4,5,7) 0.0 D(10,11,14,15) 170.9
D(6,4,5,7) 177.4 D(10,11,14,16) 10.0
D(3,4,6,8) 88.7 D(13,11,14,15) 4.5
D(5,4,6,8) 88.6 D(13,11,14,16) 174.4
D(4,5,7,2) 0.1 D(11,13,18,19) 123.0
D(4,6,8,9) 179.9 D(11,13,18,20) 3.2
D(6,8,9,10) 176.2 D(11,13,18,21) 121.1
D(8,9,10,11) 172.3 D(17,13,18,19) 48.5
D(8,9,10,12) 0.6 D(17,13,18,20) 168.3
D(9,10,11,13) 174.4 D(17,13,18,21) 67.2
D(9,10,11,14) 10.4 — —
D(12,10,11,13) 13.0 — —
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surface minimum of the studied compound is obtained
(Scheme 3). When energy is corrected by zero point
vibration energy contribution the form shows an Erel of
1.0 kJmol�1. The predicted geometry shows an intramo-
lecular hydrogen bond of NH. . .O¼¼C type (Scheme 3)
with bond length of 2.526 Å and a NHO angle of
140.5(1)8. The computed geometry parameters, i.e., bond
lengths and angles are collected in Table 1. The
NH—C(CH3)C¼¼C—C¼¼O(CH3) fragment is nearly flat
with a maximal deviation of total planarity of 10.48, thus
proposing a co-linear orientation of the out-of-plane (o.p.)
transition moments in the frame of the fragment.
However, the direction of the aromatic o.p. transition
moments are near to perpendicular oriented due to the
corresponding space disposition of both moieties of
100.38. Total dipole moment of 6.078Debye is calculated
and the distribution of the group charges is presented in
Scheme 4.


Vibrational analysis. The theoretical IR spectrum of
the studied compound in gas phase is presented in Fig. 1.
Table 2 contains the IR-characteristic bands and their
assignment. Comparison between the calculated spec-
trum and the experimental one (Fig. 1, Table 2) in solid
state is made. The predicted IR spectrum is characterized
with the highest absorption maximum at 3021 cm�1


assigned to 20a stretching in-plane (i.p.) mode of
aromatic system. The bands in 3100–2950 cm�1 corre-
spond to other i.p. maxima of aromatic fragments, and the
asymmetric and symmetric stretching peaks of CH3


and CH2 groups are obtained in 2950–2800 cm�1 region.
The 1700–1400 cm�1 region shows the highest frequency
and intensive peaks at 1699 and 1627 cm�1 belonging to
nC¼¼O peaks of C¼¼O(Cl3) and C¼¼O(CH3) groups. Both
maxima are with mixed character with participation of
dNH motion (Scheme 5A and B). Other maxima are
assigned as i.p. transition moments of benzene ring
with A1 and B2 symmetry class, which are noted as 8a,
8b, 19a, 19b in Wilson’s nomenclature26,27 as well as to
stretching mode of the double C¼¼C bond (nC¼¼C)
(Table 2). B1-out-of-plane (o.p.) peaks of m-substituted
benzene ring are obtained at 725 cm�1 (11-gCH) and
698 cm�1 (4-gAr). These maxima are uninfluenced from

Copyright # 2007 John Wiley & Sons, Ltd.

the intermolecular interactions. The obtained differences
between theoretically and experimentally obtained values
of 2 cm�1 indicate a good theoretical approximation of
the presented approach.

Experimental conventional and
linear-polarized IR data


The experimental IR-spectroscopic pattern is characteri-
zed with a strong overlapping, and the adequate

J. Phys. Org. Chem. 2007; 20: 1108–1113


DOI: 10.1002/poc







Scheme 4. Calculated group charges


Figure 1. Theoretical IR spectrum of 1,1,1-Trichloro-3-
(1-phenethylamino-ethylidene)-pentane-2,4-dione


Scheme 5. Visualization of selected transition moment
directions in 1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-
pentane-2,4-dione
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interpretation of the IR-spectroscopic bands is achieved
by preliminary procedures of deconvolution and curve
fitting. The experimental confirmation of IR-characteristic
band assignment (Table 2) is achieved by means of
linear-polarized IR spectra and the application of

Table 2. Theoretical (B3LYP/6-311þþG��) and expe
1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-pentane-2,4-dio


Assignment


n (cm�1)


Theoretical Experimental


nNH 3466 3413
nC¼¼O(CCl3) 1699 1695
nC¼¼O(CH3) 1627 1600
8a (A1) 1613 1610
8b (B2) 1600 1598
nC¼¼C 1590 1583
19a (A1) 1509 1507
19b (B2) 1444 1447


Copyright # 2007 John Wiley & Sons, Ltd.

reducing-difference procedure for their interpretation.
For the assignment of modes of both phenyl fragments is
used the Wilson’s notation.26,27 The difference IR-LD
spectrum (Fig. 2) of the compound showed good
orientation of the crystalline sample in the liquid crystal
medium and resulted in adequate conclusions using the
criteria marked.11,12 All the obtained data of mono-
substituted phenyl fragment correlated well with data for
other compounds containing the discussed fragments.27


The 3500–3100 cm�1 IR-spectroscopic region is charac-
terized with a broad absorption band at 3413 cm�1


belonging to nNH, affected by moderate interactions. The
theoretical value of 3466 cm�1 is also low frequency

rimental solid-state IR-spectroscopic data of
ne


Assignment


n (cm�1)


Theoretical Experimental


3 (B2) 1255 1254
1 (A1) 1000 1000


gC¼¼O(Cl3) 811 823
gC¼¼O(CH3) 666 671


gNH 660 698
11 (B1) 725 727
4 (B1) 698 700
— — —
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Figure 2. Non-polarized IR (1) and difference (2) IR-LD
spectrum of 1,1,1-Trichloro-3-(1-phenethylamino-ethylidene)-
pentane-2,4-dione


Figure 3. Non-polarized IR spectrum labelled as (1) and
reduced IR-LD spectra after elimination of the peaks at
727 and 798 cm�1, labelled as (2) and (3)
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shifted due to the intramolecular interaction. In contrast to
typical enolic form like in curcumine, where the OH. . .O
bond is extremely short with bond length of 2.440 Å28 and
no nOH IR band presents in the IR spectrum in solid
state,29 here a moderate NH. . .O¼¼C bond affects the peak
position similarly to b-enaminones described by Gilli and
co-authors.5 The presence of only one nNH band suggests
the stabilization of only one form, i.e. with
N—H. . .O hydrogen bond.


The application of reducing-difference procedure to
polarized IR-LD spectra resulted in: (i) elimination of the
bands at 727 and 700 cm�1 (Fig. 3(2)) belonging to
11-gCH and 4-gAr o.p. modes (B1) of m-substituted
benzene in same dichroic ratio, confirming their shown
origin. However the intensive peak at 798 cm�1 is
negative oriented. (ii) Its elimination (Fig. 3(3)) resulted
in a disappearance of the peak at 671 cm�1, suggesting an
origin from gNH and gC¼¼O(CH3) motion. This result is in
accordance with the theoretically predicted geometry in
Scheme 3. (iii) The reduction of the highest frequency
peaks in 1700–1500 cm�1 region in different dichroic
ratio also supported the proposed structure of the studied
compound.

CONCLUSION


The experimental polarized IR data have shown that
heteronuclear resonance assisted intramolecular hydro-
gen bonding is preferred rather than intermolecular inter-
actions in solid state. It is shown that in contrast to typical
enolic form like in curcumine, where the OH. . .O bond is
extremely short with bond length of 2.440 Å28 and no nOH
IR band presents in the IR spectrum in solid state,29 here a
moderate NH. . .O¼¼C bond affects the peak position
similarly to b-enaminones. The presence of only one nNH
band suggests the stabilization of only one form, i.e. with
N-H. . .O hydrogen bond. The conclusions drawn are
corroborated by extended DFT and ab initio MP2
quantum chemical calculations at B3LYP and MP2
levels of theory and 6-31þþG�� basis set.
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for the alkaline hydrolysis of eight substituted alkyl benzoates have
ous 5.3 M NaClO4 and 0.5 M n-Bu4NBr at various temperatures.


Variation of the substituent effect with temperature in alkaline hydrolysis of ortho-, meta-, and para-substituted phenyl
benzoates, phenyl tosylates, and alkyl benzoates in various solvents (water, aqueous 0.5 M Bu4NBr, 80% (v/v) DMSO,
2.25 M Bu4NBr, and 5.3 M NaClO4) was studied. The susceptibility to temperature variation of the meta and para
polar substituent effect, the ortho inductive effect, and the alkyl polar effect for various media showed good correlation
with the solvent electrophilicity, ES, which characterizes the hydrogen-bond donating power of the solvent. The
variation of the temperature-dependent ortho inductive effect with solvent hydrogen-bond donor capacity (electro-
philicity) was found to be nearly twice smaller than that for meta and para polar effect. The temperature-dependent
alkyl polar substituent effect was found to vary with ES nearly by the same extent as the polar effect of meta and para
substituents. The dependences of the r values (altogether 109 values of r) on the (1/T) term for various media were
found to cross nearly at the same isosolvent temperature (1/bisosolv� 2� 10�3) for meta-, para-, ortho-, and
alkyl-substituted esters. At T¼bisosolv the difference (r)S� (r)Water becomes zero for all polar substituent effects
in all media considered and the additional inductive effect from the ortho position (compared with para derivatives)
disappears for all solvents studied. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.-
wiley.com/suppmat/0894-3230/suppmat.

KEYWORDS: esters; alkaline hydrolysis; substituent effects; kinetics; isoparametric relationships

INTRODUCTION


The aim of the present work was to study the variation of
the temperature-dependent polar substituent effects with
solvent in the alkaline hydrolysis of ortho-, meta-, and
para-substituted phenyl benzoates, C6H5CO2C6H4—X,
phenyl tosylates, 4-CH3—C6H4SO2OC6H4—X, and alkyl
benzoates, C6H5CO2R, including kinetic data for water,
aqueous 0.5 M Bu4NBr, 80% (v/v) DMSO, 2.25 M
Bu4NBr, and 5.3 M NaClO4.


Recently1–3 we studied the importance of different
solvent parameters for substituent effects in alkaline
hydrolysis of ortho-, meta-, and para-substituted phenyl

to: I. A. Koppel, Institute of Chemical Physics,
Jakobi 2, 51014 Tartu, Estonia.
pel@ut.ee
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benzoates, phenyl tosylates, and in substituted alkyl
benzoates at 50 8C. The solvent electrophilicity, DES,4–9


which measures the hydrogen-bond donating power of the
solvent, was found to be the main factor responsible for
the changes in the ortho, meta, and para as well as in the
alkyl polar substituent effects with medium. In our
previous works kinetics of the alkaline hydrolysis of
ortho-, meta-, and para-substituted phenyl benzoates and
phenyl tosylates has been studied dependent on tempera-
ture in pure water, aqueous 0.5 M Bu4NBr, 2.25 M
Bu4NBr, 80% (v/v) DMSO and 5.3 M NaClO4 and
alkyl-substituted benzoates, C6H5CO2R, in water, aqu-
eous 2.25 M Bu4NBr, and 80% (v/v) DMSO (see Refs.
[10–16] and references cited therein). Previously3 the
kinetics of alkyl benzoates in aqueous 0.5 M Bu4NBr and
5.3 M NaClO4 was measured at 25 and 50 8C. In the
present work the second-order rate constants for the
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alkaline hydrolysis of substituted alkyl benzoates (R¼
CH3, C2H5, CH2Cl, CH2CN, CH2C�CH, CH2C6H5,
CH2CH2Cl, CH2CH2OCH3,) in aqueous 0.5 M Bu4NBr at
15 and 40 8C and for aqueous 5.3 M NaClO4 were
measured at 15, 25, 40, and 50 8C. The former medium
has been known8,13 to have lower H-bond donor capacity
than water whereas aqueous 5.3 M NaClO4 has higher
H-bond donating power than pure water.


The use of the ionic solvent as media should enable
further to include the esters with charged substituents in
the same data set besides esters with electroneutral
substituents. Earlier the kinetics of the alkaline hydrolysis
of substituted phenyl tosylates, phenyl and alkyl
benzoates with charged substituents (N(CH3)þ3 , O�,
COO�, SO�


3 ) has been measured in pure water and
dependent on additions of NaCl (see Refs. [17–21] and
references cited therein).


In the previous papers to study the substituent effects
dependent on temperature, the logk for the alkaline
hydrolysis ortho-, meta-, and para-substituted phenyl
benzoates,10–12 and phenyl tosylates2,16 in some aqueous
solvents at various temperatures were treated according to
the modified Fujita and Nishioka22 equation:


log km;p;ortho


¼ log ko þ c1ðm;p;orthoÞs
� þ c2ðorthoÞsI


þ c3ðorthoÞE
B
s þ c4


1


T


� �
þ c5ðm;p;orthoÞ


1


T


� �
s�


þ c6ðorthoÞ
1


T


� �
sI (1)


and


rT ¼ aþ b
1


T


� �
(2)


In Eqn (1) in the case of ortho substituents the
additional c2(ortho)sI, c3(ortho)E


B
s , and c6(ortho)(1/T)sI terms


were included. In alkaline hydrolysis of ortho-substituted
phenyl tosylates the influence of the steric factor was
considered negligible and the term c3(ortho)E


B
s was


omitted. It was found2,10,16 in both the alkaline hydrolysis
of substituted phenyl benzoates and phenyl tosylates in
water and aqueous 0.5 M Bu4NBr that the additional
inductive effect from the ortho position (compared with
para derivatives) turned zero at T� 500 K in the case of
all substituents.


In Eqn (1) the dependence of substituent effects on
temperature or the dependence of activation energy on
substituent effects in a given solvent is characterized
by the values of reaction constant c5(m,p) in cross terms
(1/T)s8 and the values of b in Eqn (2):


� 2:3Rc5ðm;pÞ ¼ �2:3Rbðm;pÞ ¼
ðEX � EHÞm;p


s� (3)

Copyright # 2007 John Wiley & Sons, Ltd.

In Eqn (3) EX and EH are the activation energies for the
substituted and non-substituted derivatives, respectively,
in the medium considered. The substituent-dependent
activation energy for ortho derivatives in Eqn (1) was
assumed to be different from that for meta and para
derivatives:


� 2:303R c5ðm;p;orthoÞ þ c6ðorthoÞ
� �


¼
ðEX � EHÞm;p;ortho


ðs�Þm;p


þ ðEX � EHÞortho


sI


(4)


The purpose of the present work was to study the meta
and para polar, ortho inductive, and alkyl polar effects
dependent on both the temperature and solvent in the
alkaline hydrolysis of substituted benzoates and tosylates.
For that aim we checked how the temperature-dependent
and the temperature-independent meta and para polar,
ortho inductive, and alkyl polar effects or the correspond-
ing substituent-dependent enthalpy and entropy terms in
the alkaline hydrolysis of ortho-, meta-, and para-
substituted phenyl benzoates, phenyl tosylates, and alkyl
benzoates in various solvents (water, aqueous
0.5 M Bu4NBr, 80% (v/v) DMSO, 2.25 M Bu4NBr, and
5.3 M NaClO4) vary with the solvent electrophilicity, ES,
which either increases (aqueous 5.3 M NaClO4) or
decreases (aqueous Bu4NBr and DMSO) while going
from water to another media. One might expect that the
influence of this factor is mediated by the hydrogen-bond
donor-like specific solvatation of the transition state
and OH� ion as reagent in the alkaline hydrolysis of esters
by the hydroxylic solvent. The other aim was to compare
the isosolvent relationship with respect to temperature
variation (isosolvent relationship (ISoR)) and isokinetic
temperatures in various solvents (isokinetic relationship
(IKR)) for the meta and para polar, ortho inductive, and
alkyl polar substituent effects in the alkaline hydrolysis of
benzoates and tosylates.


It was of interest to compare how the substituent effects
vary simultaneously with both temperature and the
solvent electrophilicity, ES, in alkaline hydrolysis
substituted phenyl benzoates, C6H5CO2C6H4—X, and
the alkaline hydrolysis of substituted phenyl tosylates,
4-CH3-C6H4SO2OC6H4—X. At constant temperature the
meta and para polar and the ortho inductive effects in
alkaline hydrolysis of substituted phenyl benzoates and
tosylates were found to vary with the solvent electro-
philicity, ES, approximately by the same extent1,2 though
the polar effect of substituents in both reaction series
considered in water exhibited a twofold difference:
r�ðm;pÞTos=r


�
ðm;pÞBenz¼rIðorthoÞTos=rIðorthoÞBenz � 2.


The activation free energy due to substituent effect
could be written as the sum of activation entropy and
activation enthalpy terms23–30:


dDGz ¼ dDHz � TdDSz (5)
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dDGz ¼DGz �DG
z
0, dDHz ¼DHz �DH


z
0, and dDSz ¼


DSz �DS
z
0. DGz, DHz, DSz and DG


z
0, DH


z
0, DS


z
0 are the


activation parameters for the substituted and unsubsti-
tuted compounds. Equation (6) is called the IKR and the
ratio of dDHz and dDSz is equal to the isokinetic
temperature, b 25–42


dDHz


dDSz
¼ b (6)


At isokinetic temperature, b, all reactions of the series
in a given solvent should proceed with the same rate
(r¼ 0). The ISoR with respect to temperature26,29,30,37–41


could be expressed by Eqn (7):


dDH
z
S � dDH


z
W


dDS
z
S � dDS


z
W


¼ bisosolv (7)


In Eqn (7) S denotes a solvent considered and W
denotes water chosen as standard solvent in the present
work. At the isosolvent temperature, bisosolv, the
substituent effects in all solvents considered turn equal
to each other. It follows from the theoretical consider-
ations26,27–29,42 that the common value of b is the rigid
proof of the homogeneity of interaction.


From the Eyring23,24 activated complex theory and
Arrhenius equation it follows that the values of DHz, DSz,
activation energy, E, and logA values are related by Eqns
(8) and (9):


DHz ¼ E � RT (8)


DSz ¼ 2:303ðlogA� logT � 10:75Þ (9)


In the present work to study the IKR and ISoR we did
not use the values of the activation energies, E, and logA,
calculated with the Arrhenius equation, because in the
case of ortho and alkyl derivatives they reflect the gross
influence of the inductive, resonance, and steric effects.
The substituent-dependent enthalpy and entropy com-
ponents in the alkaline hydrolysis of ortho-, meta-, and
para-substituted phenyl benzoates, phenyl tosylates, and
alkyl benzoates were separated using the multilinear Eqns
(10)–(12). The isokinetic temperatures and isosolvent
temperatures for the meta and para polar, ortho inductive,
and alkyl polar effects were calculated from the
corresponding reaction constants c in the multilinear
relationship with cross terms (Eqns (10)–(12) and (20))
using the principles of isoparametricity.27,32

EXPERIMENTAL


The preparation procedure and characteristics of sub-
stituted alkyl benzoates, C6H5CO2R, the technique of
kinetic measurements as well as purification of reagents
were described earlier.14,43 As alkali, aqueous

Copyright # 2007 John Wiley & Sons, Ltd.

0.0374 M Bu4NOH was used for the kinetic measure-
ments in aqueous 0.5 M Bu4NBr and 0.0386 M NaOH in
aqueous 5.3 M NaClO4. For kinetic measurements in
aqueous 0.5 M Bu4NBr and 5.3 M NaClO4 the spectro-
photometric method was used.14 The second-order rate
constants k were calculated by dividing the pseudo-
first-order rate constants k1 by the alkali concentration.
The measurements were repeated and the arithmetic
means of the corresponding second-order rate constants k
were calculated.


The second-order rate constants, k (dm3 mol�1 s�1), for
the alkaline hydrolysis of substituted alkyl benzoates,
C6H5CO2R, in 0.5 M Bu4NBr at 15 and 40 and 60 8C and
in aqueous 5.3 M NaClO4 at 15, 25, 40, and 50 8C, the
wavelength, l, used in the spectrophotometric kinetic
measurements, and the number of measurements are
given in Table 1. The values of logA and activation
energies, E (kJ mol�1) for the alkaline hydrolysis of
substituted alkyl benzoates in aqueous 0.5 M Bu4NBr and
5.3 M NaClO4 calculated with Arrhenius equation
(log k¼ logA � E=2:3RT) are listed in Table S1.

DATA PROCESSING AND RESULTS


For the study of variation of the substituent effects with
temperature, the logk values for alkaline hydrolysis of
ortho-, meta-, and para-substituted phenyl benzoates,
C6H5CO2C6H4—X, phenyl tosylates, 4-CH3—C6H4SO2


OC6H4—X, and alkyl benzoates, C6H5CO2R, in water,
aqueous 5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr,
and 80% (v/v) DMSO were treated according to the
following multilinear relationships:5,13,16,27,32,44


T 6¼ const, X 6¼ const:


log km;p ¼ co þ c1ðm;pÞs
� þ c2


1


T


� �


þ c3ðm;pÞ
1


T


� �
s� (10)


log kortho ¼ co þ c1ðorthoÞsI þ c2ðorthoÞs
�
R


þ c3ðorthoÞE
B
s þ c4


1


T


� �


þ c5ðorthoÞ
1


T


� �
sI þ c6ðorthoÞ


1


T


� �
s�


R (11)


log kAlk ¼ co þ c1ðAlkÞsI þ c2ðAlkÞE
B
s þ c3


1


T


� �


þ C4ðAlkÞ
1


T


� �
sI (12)


For comparison, the values of r in water, aqueous
5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and 80%
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Table 1. The second-order rate constants k (dm3mol�1 s�1) for the alkaline hydrolysis of substituted alkyl
benzoates, C6H5CO2R, in aqueous 0.5M Bu4NBr and 5.3M NaClO4 at various temperaturesa


R T (8C)
k (dm3 mol�1 s�1)
in 0.5 M Bu4NBr logk n


k (dm3 mol�1 s�1)
in 5.3 M NaClO4 logk n


ClCH2 50 4.79� 0.24b 0.680 5 2.16� 0.07 0.334 3
40 2.61� 0.12 0.417 4 1.22� 0.01 0.086 3
25 1.27� 0.09b 0.104 3 0.463� 0.007b �0.334 3
15 0.708� 0.002 �0.150 3 0.187� 0.004 �0.728 3


NCCH2 50 5.36� 0.25b 0.728 1.90� 0.12 0.279 3
40 3.32� 0.29 0.521 3 1.00� 0.03 0 3
25 1.58� 0.11b 0.199 3 0.399� 0.012b �0.399 3
15 0.975� 0.009 �0.011 3 0.167� 0.005 �0.777 3


HC�CCH2 50 0.554� 0.003b �0.256 5 0.285� 0.010 �0.545 3
40 0.297� 0.003 �0.527 3 0.141� 0.010 �0.851 3
25 0.134� 0.001b �0.873 3 0.0531� 0.0014b �1.275 3
15 0.0676� 0.0007 �1.170 3 0.0195� 0.0001 �1.710 3


Cl(CH2)2 50 0.276� 0.001b �0.559 4
40 0.140� 0.002 �0.854 3
25 0.0549� 0.0004b �1.260 4
15 0.0307� 0.0011 �1.513 3


CH3O(CH2)2 60 0.287� 0.004 �0.542 3
50 0.143� 0.002b �0.845 3 0.0777� 0.0006 �1.110 3
40 0.0989� 0.0050 �1.005 3 0.0386� 0.0006 �1.413 3
25 0.0325� 0.0017b �1.488 3 0.0125� 0.0001 �1.903 3
15 0.0172� 0.0002 �1.765 3 0.00446� 0.00023 �2.351 3


PhCH2 60 0.216� 0.002 �0.665 4
50 0.110� 0.001b �0.959 4
40 0.0619� 0.0004 �1.208 3
25 0.0233� 0.0002b �1.633 4
15 0.0126� 0.0006 �1.900 3


CH3 60 0.300� 0.001 �0.523 4
50 0.158� 0.002b �0.801 3 0.0845� 0.0021 �1.073 3
40 0.0972� 0.0030 �1.012 4 0.0389� 0.0015 �1.410 3
25 0.0339� 0.0002 �1.470 5 0.0136� 0.0007 �1.866 3
15 0.0170� 0.0010 �1.770 4 0.00454� 0.00052 �2.343 3


CH3CH2 50 0.0640� 0.0010b �1.194 4
40 0.0389� 0.0016 �1.410 3
25 0.0130� 0.0004b �1.886 4
15 0.00602� 0.00012 �2.220 3


a As alkali, aqueous 0.0374 M Bu4NOH was used for the kinetic measurements in aqueous 0.5 M Bu4NBr and 0.0386 M NaOH in aqueous 5.3 M NaClO4. The
wavelength, l, used in the spectrophotometric kinetic measurements was 240 nm for all alkyl benzoates. n equals the number of kinetic measurements used in
determination of the arithmetic mean value of the second-order rate constants k.
b The k values reported earlier.3
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(v/v) DMSO at various temperatures were correlated with
Eqns (13)–(15):


r�m;p ¼ am;p þ bm;p
1


T


��
(13)


rIðorthoÞ ¼ aIðorthoÞ þ bIðorthoÞ
1


T


� �
(14)


rIðAlkÞ ¼ aIðAlkÞ þ bIðAlkÞ
1


T


� �
(15)


In Eqns (10)–(12) and (13)–(15):


c1ðm;pÞ ¼ am;p; c3ðm;pÞ ¼ bm;p; c1ðorthoÞ ¼ aIðorthoÞ;


c5ðorthoÞ ¼ bIðorthoÞ; c1ðAlkÞ ¼ aIðAlkÞ; c4ðAlkÞ ¼ bIðAlkÞ

Copyright # 2007 John Wiley & Sons, Ltd.

To study the influence of the solvent electrophilicity,
ES, on the susceptibilities of the meta and para polar
(c3(m,p)), the ortho inductive (c5(ortho)), and the alkyl polar
(c4(Alk)) substituent effects to temperature variation, Eqns
(16) and (17) were used:


c ¼ mo þ m1DES (16)


b ¼ mo þ m1DES (17)


where c¼ c3(m,p), c5(ortho), c4(Alk) in cross terms c3(m,p)


(1/T)s8, c5(ortho)(1/T)sI, and c4(Alk)(1/T)sI, respectively
in Eqns (10)–(12) and b¼ bm,p, bI(ortho), and bI(Alk) in
Eqns (13)–(15).


The variation of the temperature-independent terms of
the meta and para polar (c1(m,p)), the ortho inductive
(c1(ortho)), and the alkyl polar (c1(Alk)) substituent effect

J. Phys. Org. Chem. 2007; 20: 778–790


DOI: 10.1002/poc







782 V. NUMMERT, M. PIIRSALU AND I. A. KOPPEL

(or the corresponding substituent-dependent entropy
terms) in various media were correlated with Eqns (18)
and (19):


c ¼ po þ p1DES (18)


a ¼ po þ p1DES (19)


In Eqns (18) and (19) the values of c¼ c1(m,p), c1(ortho),
c1(Alk) in Eqns (10)–(12) and a¼ aI(m,p), aI(ortho), aI(Alk) in
Eqns (13)–(15) were used.


Similarly, to study the variation of the substituent
effects simultaneously with temperature and medium, the
r values in various solvents and at various temperatures
were used:


rTS ¼ c0 þ c1


1


T


� �
þ c2DES þ c3


1


T


� �
DES (20)


Equations (10)–(12) with cross terms take into account
simultaneously the influence of the substituent effect and
temperature. The influence of solvent was studied
separately with Eqns (16)–(19). Equation (20) takes into
account the influence of both the temperature and solvent
effects when the r values in various solvents and at
various temperatures are involved.


In Eqn (20) r0¼ 0 for the meta and para polar effect in
alkaline hydrolysis of substituted phenyl benzoates and
tosylates and alkyl benzoates as in standard medium (pure
water) reaction series considered were found to be
isoentropic. In Eqns (16)–(19) and (20): m0¼ c1, m1¼ c3,
po¼ c0, and p1¼ c2.


Equation (20) is a multilinear relationship with cross
terms, which enables to calculate the isosolvent
temperature at which the r value (i.e. susceptibility to
substituent effect) is the same in all solvents. We
calculated the isosolvent effect temperature bisosolv from
Eqn (20) using the isoparametricity principles of Palm
and Istomin5,27,32


1


bisosolv


¼ �c2


c3


(21)


and from the relation of the susceptibilities of the
temperature-dependent (i.e., the substituent-dependent
enthalpy term) and the temperature-independent (i.e. the
substituent-dependent entropy term) substituent effects to
the solvent electrophilicity, DES (Eqns (16)–(19):


bisosolv ¼ �m1


p1


(22)


The isokinetic temperature b for alkaline hydrolysis
substituted phenyl benzoates, phenyl tosylates, and alkyl
benzoates was calculated separately for the meta and para
polar effect, ortho inductive effect, and alkyl polar effect
in various media (water, aqueous 5.3 M NaClO4,
0.5 M Bu4NBr, 2.25 M Bu4NBr, and 80% (v/v)
DMSO).The isokinetic temperature for various media
was calculated using reaction constants c in Eqns

Copyright # 2007 John Wiley & Sons, Ltd.

(10)–(12):15,16,23


bm;p ¼
c3ðm;pÞ
c1ðm;pÞ


(23)


bortho�ind ¼
c5ðorthoÞ
c1ðorthoÞ


(24)


bAlk ¼
c4ðAlkÞ
c1ðAlkÞ


(25)


and from Eqns (13)–(15)


bm;p ¼ bm;p


am;p
(26)


bortho�ind ¼
bIðorthoÞ
aIðorthoÞ


(27)


bAlk ¼
bIðAlkÞ
aIðAlkÞ


(28)


The Taft’s polar s8,44,45 inductive sI,
46 the resonance


sR8 [sR8¼ (s8)para� sI]
47 scales, and steric EB


s con-
stants2,11,13 were used at the data processing. For ortho
substituents: EB


s ¼ logkHþX� logkHþH, where kHþX and
kHþH are the rate constants for the acidic hydrolysis of
ortho-substituted and unsubstituted phenyl benzoates in
water at 50 8C.48 The steric constants for the variable
substituent in the alcohol component of ester, EB


s were
calculated as follows: EB


s ¼ logkHþR� logkHþCH3, where
kHþR and kHþCH3 are the rate constants for acid hydro-
lysis of R-substituted and CH3-substituted alkyl benzoate,
C6H5CO2R, or acetate, CH3CO2R, in water.3,14 As the solvent
characteristic, its H-bond donating power (electrophili-
city) ES values of Koppel and Palm4–9 were used, DES¼
ES � EH2O. The standard medium where DES is equal to
zero is pure water and the standard substituent is X¼H.
The data processing was carried out using a multiple-
parameter linear least-squares (LLSQ) procedure.49 Sig-
nificantly deviating points were excluded using a Student
criterion. The exclusion of the significantly deviating points
was performed on different confidence levels of the t-test.


The results of the correlation with Eqns (10)–(15) for
the alkaline hydrolysis of substituted phenyl benzoates,
alkyl benzoates, and for substituted phenyl tosylates in
water, aqueous 5.3 M NaClO4, 0.5 M Bu4NBr,
2.25 M Bu4NBr, and 80% (v/v) DMSO are presented
in Tables S2–S5. The values of r8m,p, rI(ortho), and rI(Alk)


for the alkaline hydrolysis of substituted phenyl
benzoates, phenyl tosylates, and alkyl benzoates in water,
aqueous 5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr,
and 80% (v/v) DMSO at various temperatures used in
correlations with Eqns (13)–(15) and (20) are listed in
Table S6. The results of correlation of the c3(m,p), c5(ortho),
c4(Alk), bm,p, bI(ortho), and bI(Alk) values with Eqns (16) and
(17), the c1(m,p), c1(ortho), c1(Alk), am,p, aI(ortho), and aI(Alk)


values with Eqns (18) and (19), correlation of r8m,p,
rI(ortho), and rI(Alk) with Eqn (20), and the values of bisosolv


determined with Eqns (21) and (22) are shown in Table 2.
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Table 2. Correlation of the temperature-dependent (i.e., enthalpy terms) and the temperature-independent (i.e., entropy
terms) meta and para polar, ortho inductive, and alkyl polar effects with the solvent electrophilicity parameters, DES, in the
alkaline hydrolysis of substituted phenyl benzoates, phenyl tosylates, and alkyl benzoates using Eqns (16) and (20)a


Correlation with c¼m0þm1DES and c¼p0þp1DES in Eqns (16)–(19)


c¼ c3(m,p),
c5(ortho), c2(Alk)


c¼ bm,p,
bI(ortho), bI(Alk) c¼ c1


c¼ am,p,
aI(ortho), aI(Alk)


Correlation with
rTS¼c0þc1


1
T


� �
þc2DEþc3


1
T


� �
DE


Equation (16) Equation (17) Equation (18) Equation (19) Equation (20)


Meta- and para-substituted phenyl benzoates
p0(m,p) �0.151� 0.178 �0.251� 0.109 c0 0
m0(m,p) 393.2� 92.2 418.0� 48.6 c1(m,p) 340.9� 9.5
p1(m,p) 0.114� 0.020 0.115� 0.012 c2(m,p) 0.0902� 0.0532
m1(m,p) �53.7� 9.2 �53.6� 5.3 c3(m,p) �46.4� 16.1
n/n0 5/5 5/5 5/5 5/5 n/n0 23/23
R 0.944 0.981 0.944 0.979
S 146 84.7 0.309 0.190 s 117
s0 0.329 0.168 0.328 0.206 s0 0.231
bisosolv 471 K 466 K 514 K
1/bisosolv 2.14� 10�3 2.15� 10�3 1.95� 10�3


Ortho-substituted phenyl benzoates
p0(ortho) �0.668� 0.088 �0.858� 0.056 c0 �0.898� 0.781
m0(ortho) 675.2� 37.2 772.2� 30.1 c1(ortho) 737.0� 131.1
p1(ortho) 0.0660� 0.0100 0.0454� 0.0062 c2(ortho) 0.0568� 0.0522
m1(ortho) �29.9� 4.1 �24.9� 3.3 c3(ortho) �28.4� 16.0
n/n0 5/5 5/5 5/5 5/5 n/n0 24/24
R 0.964 0.966 0.958 0.964 0.968
S 64.8 52.4 0.154 0.099 s 83.0
s0 0.265 0.258 0.285 0.267 s0 0.258
bisosolv 453 K 548 K 499.6 K
1/bisosolv 2.20� 10�3 1.82� 10�3 2.00� 10�3


Meta- and para-substituted phenyl tosylates
p0(m,p) �0.267� 0.113 �0.106� 0.076 c0 0
m0(m,p) 744.0� 60.1 780.3� 68.3 c1(m,p) 650.6� 16.4
p1(m,p) 0.128� 0.012 0.106� 0.076 c2(m,p) 0.106� 0.076
m1(m,p) �59.3� 7.3 �58.0� 7.5 c3(m,p) �54.9� 25.0
n/n0 5/5 5/5 5/5 5/5 n/n0 21/21
R 0.971 0.968 0.981 0.968
S 115 251 0.196 0.260 s 188.0
s0 0.237 0.251 0.190 0.268 s0 0.370
bisosolv 463 K 547 K 518 K
1/bisosolv 2.16� 10�3 1.82� 10�3 1.93� 10�3


Ortho-substituted phenyl tosylates
p0(m,p) �1.711� 0.034 �1.646� 0.207 c0 �1.543� 0.736
m0(m,p) 1551� 41 1447� 71 c1(m,p) 1485� 145
p1(m,p) 0.0590� 0.0037 0.0549� 0.0206 c2(m,p) 0.0501� 0.0495
m1(m,p) �28.6� 4.3 �31.8� 7.8 c3(m,p) �25.8� 16.2
n/n0 5/5 5/5 5/5 4/5 n/n0 21/21
R 0.952 0.886 0.992 0.817 R 0.969
S 71 124 0.0592 0.575 s 93.0
s0 0.306 0.451 0.126 0.242 s0 0.247
bisosolv 485 K 580 K 515 K
1/bisosolv 2.06� 10�3 1.72� 10�3 1.94� 10�3


Alkyl-substituted benzoates
p0(Alk) �0.186� 0.084 0.298� 0.092 c0 0
m0(Alk) 1196� 52 1208� 44 c1(Alk) 1136� 11
m1(Alk) 0.0771� 0.0092 0.0790� 0.0100 c2(Alk) 0.113� 0.071
m1(Alk) �43.9� 5.7 �43.2� 4.8 c3(Alk) �51.6� 21.6


(Continues)
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Table 2. (Continued)


Correlation with c¼m0þm1DES and c¼p0þp1DES in Eqns (16)–(19)


c¼ c3(m,p),
c5(ortho), c2(Alk)


c¼ bm,p,
bI(ortho), bI(Alk) c¼ c1


c¼ am,p,
aI(ortho), aI(Alk)


Correlation with
rTS¼c0þc1


1
T


� �
þc2DEþc3


1
T


� �
DE


Equation (16) Equation (17) Equation (18) Equation (19) Equation (20)


n/n0 5/5 5/5 5/5 5/5 n/n0 21/21
R 0.962 0.975 0.972 0.969
S 91.2 76.8 0.147 0.159 s 131
s0 0.273 0.220 0.235 0.249 s0 0.274
bisosolv 569 K 547 K 456 K
1/bisosolv 1.75� 10�3 1.82� 10�3 2.19� 10�3


The values of the isosolvent temperatures are calculated as bisosolv¼�m1/p1 and bisosolv¼�c3/c2.
a The values of c¼ c3(m,p), c5(ortho), c2(Alk) c1 in Tables S2 and S3, the values of a and b in Tables S4 and S5, and the values of rTS in Table S6 for water, aqueous
5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and 80% (v/v) DMSO were used.
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The values of isokinetic temperature, b, for alkaline
hydrolysis of substituted phenyl benzoates, phenyl
tosylates, and alkyl benzoates in various media calculated
with Eqns (23)–(28) are collected in Table 3.

DISCUSSION


Both the reaction constant, c, in cross terms c(1/T)s (Eqns
(10)–(12)) and the value of b in Eqns (13)–(15) charac-
terize the susceptibility of the corresponding substituent
effect to temperature variation in a medium considered. In
pure water, the value of c3(m,p) in cross term c3(m,p)(1/T)s8
in Eqn (10) and bm,p in Eqn (13), characterizing the
susceptibility of the meta and para polar effect to
temperature variation in alkaline hydrolysis of substituted
phenyl benzoates, C6H5CO2C6H4—X, are equal to
0.33� 103 and 0.32� 103, respectively (Tables S2 and

Table 3. The variation of the b (K) values calculated with Eqns (2
phenyl benzoates, phenyl tosylates, and alkyl benzoatesa


Reaction constant Equation used
Water


DES¼ 0a
5.3 M NaClO4


DES¼ 3.79a


Meta- and para-substitute
b¼ c3(m,p)/c1(m,p) Equation (23) 1 1
b¼ bm,p/am,p Equation (26) 1 1


Ortho-substituted ph
b¼ c5(ortho)/c1(ortho) Equation (24) 969 1282
b¼ bI(ortho)/aI(ortho) Equation (27) 788 975


Meta- and para-substitut
b¼ c3(m,p)/c1(m,p) Equation (23) 1 1
b¼ bm,p/am,p Equation (26) 1 1


Ortho-substituted ph
b¼ c5(ortho)/c1(ortho) Equation (24) 900 960
b¼ bI(ortho)/aI(ortho) Equation (27) 886 1298


Alkyl benz
b¼ c4(Alk)/c1(Alk) Equation (25) 1 1
b¼ bI(Alk)/aI(Alk) Equation (28) 1 1
a By DES the values of the solvent electrophilicity parameters are shown.
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S4). The corresponding values for alkaline hydrolysis of
substituted phenyl tosylates, 4-CH3—C6H4SO2OC6H4—
X, in pure water are: c3(m,p)¼ 0.60� 103 and bm,p¼
0.62� 103 (Tables S3 and S5). The c3(m,p) and bm,p values
increase by ca 0.9 units in both reaction series considered
when passing from water to aqueous 2.25 M Bu4NBr and
80% (v/v) DMSO whose electrophilic solvating power is
reduced compared with pure water. The susceptibility of
the ortho inductive effect to temperature variation in
alkaline hydrolysis of substituted phenyl benzoates in
pure water c5(ortho) is equal to 0.68� 103 and bI(ortho)¼
0.76� 103 (Tables S2 and S4). The corresponding
values of c5(ortho) and bI(ortho) for alkaline hydrolysis
of substituted phenyl tosylates are 1.54� 103 and 1.55�
103, respectively (Table S3 and S5). The c5(ortho) and
bI(ortho) values grow by ca 0.4 units in both reaction series
considered when passing from pure water to aqueous
2.25 M Bu4NBr and 80% (v/v) DMSO. The variation of

3) and (28) with solvent for alkaline hydrolysis of substituted


0.5 M Bu4NBr
DES¼�4.91a


2.25 M Bu4NBr
DES¼�13.63a


80% (v/v) DMSO
DES¼�13.81a


d phenyl benzoates
1426 649 625


872 648 604
enyl benzoates


875 657 726
779 734 711


ed phenyl tosylates
1291 804 704
1147 841 719


enyl tosylates
854 783 753
960 764 780


oates
2197 1457 1378
2352 1309 1242
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Figure 1. Dependence of the temperature-dependent
meta, para, and alkyl polar effect on the solvent electro-
philicity, DES, for alkaline hydrolysis of substituted phenyl
benzoates (plot 1), phenyl tosylates (plot 2), and alkyl benzo-
ates (plot 3). The values of c3(m,p), c4(Alk) (*) and bm,p, and
bI(Alk) (&) for water, aqueous 5.3M NaClO4, 0.5M Bu4NBr,
80% (v/v) DMSO, and 2.25M Bu4NBr were used (Tables
S2–S5)
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the temperature-dependent ortho inductive effect with
solvent is nearly twice less compared with the meta and
para polar effect, though in water the susceptibility of the
ortho inductive effect to temperature variation surpasses
that of the meta and para polar effect in both reaction
series considered ca twice:


c5ðorthoÞBenz


c3ðm;pÞBenz


¼
c5ðorthoÞTos


c3ðm;pÞTos


¼
bIðorthoÞBenz


bIðm;pÞBenz


¼
bIðorthoÞTos


bðm;pÞTos


� 2


When passing from pure water to aqueous
2.25 M Bu4NBr and 80% (v/v) DMSO, the susceptibility
of the alkyl polar substituent effect to temperature
variation grows nearly by the same extent as it was
observed for the meta and para polar effect. In alkaline
hydrolysis of substituted alkyl benzoates, C6H5CO2R, in
pure water c4(Alk)¼ 1.09� 103 and c4(Alk)¼ 1.82� 103 in
aqueous 80% (v/v) DMSO (Eqn (12), Table S2).


The reaction constant c1(m,p) in Eqn (10) and a(m,p) in
Eqn (13), characterizing the temperature-independent
meta, para polar effect, or the meta, para polar effect
dependent entropy term, equal to zero both in the alkaline
hydrolysis of substituted phenyl benzoates and tosylates
in water, which corresponds to the isoentropic reaction
series. The change in the reaction constants c1(m,p) and
a(m,p) value in the transition from water to aqueous
2.25 M Bu4NBr and 80% (v/v) DMSO is about 1.9 units
both in the alkaline hydrolysis of benzoates and tosylates
(Tables S2–S5). In the case of meta and para substituents
when passing from water to aqueous 2.25 M Bu4NBr and
80% (v/v) DMSO both reaction series considered
changed from isoentropic to isokinetic reaction series.
The reaction constants c1(ortho) in Eqn (11) and a(ortho) in
Eqn (14), characterizing the susceptibility of the entropy
term to ortho inductive effect, are different from zero in
all solvents considered. In transition from water to
aqueous 2.25 M Bu4NBr and 80% (v/v) DMSO the
reaction constants c1(ortho) and a(ortho) diminish twice less
than the same constants c1(m,p) and a(m,p) for meta and
para polar effect.


To study the influence of the solvent electrophilicity,
ES, on the susceptibilities of the polar substituent effects
to temperature variation, the values of the reaction
constants c3(m,p), c5(ortho), c4(Alk), and b(m,p), bI(ortho), and
bI(Alk) for water, aqueous 5.3 M NaClO4, 0.5 M Bu4NBr,
2.25 M Bu4NBr, and 80% (v/v) DMSO were subjected to
linear regression analysis according to Eqns (16) and (17),
respectively. The temperature-dependent polar substitu-
ent effect (i.e. the polar substituent effect on activation
energies) in alkaline hydrolysis of substituted phenyl
benzoates, phenyl tosylates, and alkyl benzoates appeared
to be nicely correlated with the solvent electrophilicity
parameter, DES (Fig. 1, Fig. S1, Table 2), similar as it was
found earlier1–3 for the polar substituent effects at the
constant temperature. The m1 values in Eqns (16) and (17)
and c3 in Eqn (20), characterizing the variation of the
temperature-dependent polar substituent effects with the
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solvent electrophilicity, DES, were found to be nearly the
same when calculated with Eqns (16) and (17) or with
Eqn (20) (Eqns (29) and (33), Table 2).


In case the variation of the temperature-dependent
substituent polar effects with the solvent electrophilicity
parameters, DES, was studied with Eqn (20), including the
r values in various solvents and at various temperatures
(Table S6), we obtained:


r�ðm;pÞBenz ¼ ð0:341 � 0:010Þ 103


T


� �


þ ð0:090 � 0:053ÞDES


� ð46:4 � 16:1Þ 1


T


� �
DES


s0 ¼ 0:231;
n


n0


¼ 23


23


(29)


r�ðm;pÞTos ¼ ð0:651 � 0:016Þ 103


T


� �


þ ð0:106 � 0:076ÞDES


� ð54:9 � 25:0Þ 1


T


� �
DES


s0 ¼ 0:370;
n


n0


¼ 21


21


(30)
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rIðorthoÞBenz ¼ �ð0:898 � 0:781Þ

Figure 2. Dependence of r8m,p (~, &, *) and rI(ortho) (~,
&, *) on (1/T) for alkaline hydrolysis of substituted phenyl
benzoates in water, 0.5M Bu4NBr, and 2.25M Bu4NBr
(Table S6)

þ ð0:74 � 0:13Þ 103


T


� �


þ ð0:0568 � 0:0522ÞDES


� ð28:4 � 16:0Þ 1


T


� �
DES


s0 ¼ 0:258;
n


n0


¼ 24


24


(31)


rIðorthoÞTos ¼ �ð1:543 � 0:736Þ


þ ð1:48 � 0:14Þ 103


T


� �


þ ð0:0501 � 0:0495ÞDES


� ð25:8 � 16:2Þ 1


T


� �
DES


s0 ¼ 0:247;
n


n00


¼ 21


21


(32)


rIðAlkÞBenz ¼ ð1:136 � 0:011Þ 103


T


� �


þ ð0:113 � 0:071ÞDES


� ð51:6 � 21:6Þ 1


T


� �
DES


s0 ¼ 0:247;
n


n0


¼ 21


21


(33)


In the alkaline hydrolysis of substituted phenyl
benzoates the ortho, meta, and para temperature-depen-
dent polar effects vary with the solvent electrophilicity ca
to the same extent as in the alkaline hydrolysis of sub-
stituted phenyl tosylates, although the ratio of the sus-
ceptibilities to polar effect of substituents in water differs
twofold: r�ðm;pÞTos=r


�
ðm;pÞBenz¼rIðorthoÞTos=rIðorthoÞBenz � 2.


In the case of meta and para substituents the variation of
the temperature-dependent polar effect with the solvent
electrophilicity was ca twice higher than that for the ortho
inductive effect. The corresponding values for reaction
constants m1(m,p) in Eqns (16) and (17) and c3(m,p) in Eqn
(20) (Eqns (29) and (30)) were in the range from �46 to
�54 in alkaline hydrolysis of substituted phenyl
benzoates and in the range from �55 to �59 for the
alkaline hydrolysis substituted phenyl tosylates. In the
case of ortho substituents, the susceptibility of the tem-
perature-dependent inductive effect to variation of the
solvent electrophilicity m1(ortho) and c3(ortho) ranges from
�25 to �32 in both the alkaline hydrolysis of
ortho-substituted phenyl benzoates and phenyl tosylates.
In alkaline hydrolysis of alkyl benzoates the variation of
the temperature-dependent polar effect with the solvent
electrophilicity was nearly the same as in the case of
meta- and para-substituted phenyl benzoates (the value of
m1(Alk) and c3(Alk) ranges from �44 to �52, Table 2).
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The values of m0 in Eqns (16) and (17) and c1 in Eqn
(20) are the susceptibilities of the polar substituent effect
to temperature variation for water considered as standard
medium (Eqns (29) and (33), Tables 2, S2–S5). The c2


constant in Eqn (20) characterizes the variation of the
temperature-dependent substituent effects at 1/T¼ 0, with
the solvent electrophilicity, ES. The value of c0 in Eqn
(20) was considered different from zero for ortho
derivatives, as the inductive effect in the alkaline
hydrolysis in water was found isokinetic one. c2¼ c0


for the standard medium (pure water) where DES¼ 0. The
values of c2 in Eqn (20) and p1 in Eqns (18) and (19),
characterizing the variation of the temperature-
independent polar substituent effect with the solvent
electrophilicity, DES, were found to be nearly the same
when calculated with Eqns (18) and (19) or with Eqn (20)
(Table 2). The values of c2 and p1 in the case of meta, para
polar effect, and ortho inductive effect in both reaction
series considered were in the ranges 0.090–0.128 and
0.0454–0.066, respectively.


We found the dependences of the r8m,p, rI(ortho), and
rI(Alk)) values on the (1/T) term for water, 2.25 M aqueous
5.3 M NaClO4, 0.5 M Bu4NBr, and 80% (v/v) DMSO to
cross nearly at the same temperature (1/T� 2� 10�3) in
alkaline hydrolysis of substituted phenyl benzoates,
phenyl tosylates, and alkyl benzoates (Fig. 2 and Fig. S2).
At the isosolvent effect temperature (bisosolv� 500 K) the
susceptibilities to ortho, meta, and para substituent
effects, that is, the r values for a reaction considered in all
solvents studied are equal to each other. The values of riso


are: riso� 0.7 for the alkaline hydrolysis of phenyl
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Figure 3. The variation of the enthalpy term (cS� cWater)
(c¼ c3(m,p), c5(ortho), c4(Alk) in Eqns (4)–(6), Tables 3 and 4)
with the entropy term c1(S)� c1(Water) (c¼ c1(m,p), c1(ortho),
c1(Alk) in Eqns (10)–(12), Tables S2–S3) on going from water
to a medium considered for alkaline hydrolysis of substituted
phenyl benzoates (*), phenyl tosylates (&), and alkyl benzo-
ates (~)


TEMPERATURE-DEPENDENT SUBSTITUENT EFFECTS 787

benzoates, riso� 1.3 for phenyl tosylates, and riso� 2.0
for alkyl benzoates. The values of rI(ortho) and r8(m,p) for
all media studied cross at the same isosolvent effective
temperature bisosolv� 500 K at which rI(ortho)¼ r8(m,p)


and the additional inductive effect from the ortho position
(compared with para derivatives) disappears for all
solvents studied. Earlier,2,4,15 we found the additional
ortho inductive effect to disappear at T� 500 K in the
alkaline hydrolysis of substituted phenyl benzoates and
tosylates in water and for phenyl tosylates in aqueous
0.5 M Bu4NBr.


We calculated the value of the isosolvent temperature
bisosolv separately for meta and para polar (inductive),
ortho inductive, and alkyl inductive effects with Eqn (21)
(bisosolv¼�c3/c2) using reaction constants from Eqn (20)
and from the relation of the sensitivities of the
temperature-dependent and the temperature-independent
terms to the solvent electrophilicity, ES (bisosolv¼�m1/
p1, Eqn (22)). The values of 1/bisosolv calculated with 1/
bisosolv¼�c2/c3 (Eqn (20)) change in a quite narrow
limits, from 1.93� 10�3 to 2.19� 10�3 (Table 2). We
found the isosolvent temperatures to be the same when the
meta and para polar, ortho inductive, and alkyl inductive
effects were considered both in the alkaline hydrolysis
benzoates, phenyl tosylates:


bisosolv ¼
��c3


c2


�
m;p


¼
��c3


c2


�
IðorthoÞ ¼


��c3


c2


�
IðAlkÞ


� �
Benz


¼
��c3


c2


�
m;p


¼
��c3


c2


�
IðorthoÞ


� �
Tos


¼


¼
��m1


p1


�
m;p


¼
��m1


p1


�
IðorthoÞ ¼


��m1


p1


�
IðAlkÞ


� �
Ben


¼
��m1


p1


�
m;p


¼
��m1


p1


�
IðorthoÞ


� �
Tos


¼ 500 K


At the isosolvent effect temperature, bisosolv, the
substituent effects in all media considered become equal
to riso which corresponds to the r value of the
corresponding reaction series in water at bisosolv¼ 500 K.
K. At isosolvent temperature, bisosolv, the substituent polar
effects considered in all media turn to zero if the
substituent effects relative to standard solution (water)
were considered. The variation of the temperature-
dependent term (enthalpy term) (cS� cwater, c¼ c3(m,p),
c5(ortho), c4(Alk) in Eqns (10) and (12), Tables S2, S3) with
the temperature-independent term (entropy term)
(c1(S)� c1(water), c¼ c1(m,p), c1(ortho), c1(Alk) in Eqns (10)
and (12), Tables S2, S3) on going from water to a medium
considered is shown in Fig. 3. The relationship between
the substituent-dependent enthalpy and entropy terms has
the slope �bisosolv� 500 K and includes on the same plot
the points for the alkaline hydrolysis of substituted phenyl
benzoates, phenyl tosylates, and alkyl benzoates when the
meta and para polar, ortho inductive, and alkyl inductive
effects were considered. The value of the isosolvent effect

Copyright # 2007 John Wiley & Sons, Ltd.

temperature bisosolv¼ 500 K (1/bisosolv¼ 2� 10�3) was
found to be the common characteristic for the all polar
substituent effects in the alkaline hydrolysis of substituted
phenyl benzoates, phenyl tosylates, and alkyl benzoates in
all media considered. The common bisosolv values
demonstrate that the meta, para polar, ortho, and alkyl
inductive effects in the alkaline hydrolysis of benzoates
and tosylates reaction series vary with temperature and
solvent electrophilicity all by the same extent when to
consider substituent effects relative to the corresponding
substituent effects in water. At the isosolvent temperature
the substituent effects in various media are equal to each
other and are independent of media.


At the isokinetic temperature b for a medium
considered all the reactions in the series have the same
rate constant (substituent effect equals to zero). We found
the isokinetic temperature b to be dependent on the
electrophilic solvating power of media considered
(Table 3). The isokinetic temperature b in the case of
ortho and alkyl derivatives diminishes less as compared
with the meta and para derivatives on going from water to
solvent whose electrophilic solvating power is reduced
compared with pure water (Table 3). In water the alkaline
hydrolysis of meta- and para-substituted phenyl benzo-
ates and tosylates as well as alkyl benzoates was found to
be isoentropic (b¼1), in less electrophilic media
isokinetic (b> 0), and in media with very strong
electrophilic solvating power these reaction series should
turn to isoenthalpic. Similarly, the alkaline hydrolysis of
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meta and para benzoates should become isoenthalpic
(b¼ 0, Eqn (29)) in medium with DES¼ 7.4. The
inductive term in alkaline hydrolysis of ortho-substituted
phenyl benzoates and tosylates relative to the temperature
variation was isokinetic and varied with temperature and
solvent nearly twice less than the polar effect of meta and
para derivatives.


The common bisosolv value for both the alkaline
hydrolysis of benzoates and tosylates shows that the
substituent effects are similarly dependent on both
temperature and solvent in both reaction series con-
sidered. Therefore, quite similar reaction mechanisms are
required for two reaction series studied. The alkaline
hydrolysis of aryl benzoates is regarded as following the
addition–elimination mechanism via tetrahedral inter-
mediate path.50,51 Most authors support the stepwise BAc2
mechanism, while the formation of the tetrahedral
intermediate R1CO�(OH)OR2] by addition of the
hydroxide ion to carbonyl atom of ester is considered
to be rate-determining step.50–55 Similarly, the alkaline
hydrolysis of substituted phenyl tosylates occurs with
the SN2 mechanism of the nucleophilic substitution, when
the hydroxide ion attacks sulfonyl sulfur center by
formation of the negatively charged transition state
[4-CH3C6H4S(O)�2 (OH)OAr].56–58 In both the alkaline
hydrolysis of benzoates and tosylates we obtained good
correlations with s8 constants (not with s–) that proves
that the reactions studied occur by a stepwise mechan-
ism52,59–61 not a concerted pathway62–63 and the
formation of the intermediate is the rate-determining
step. The transition states in both reaction studied are
characterized by the well advanced C—OH or S—OH
bond formation but negligible C—OAr and S—OAr bond
breakage. In all solvents used and at all temperatures in
both reaction series considered the electron-withdrawing
substituents enhance the reactivity and decrease the
activation energy. This could be attributed to destabiliza-
tion of the resonance forms in the esters ground state59,64


and delocalization of the negative charge in the transition
state with the electron-withdrawing substituents. The
electron-donating substituents show the opposite effect.
Compared to unsubstituted derivative, the compounds
with electron-donating substituents showed the lowered
reactivity and the higher activation energy as in the case
of the electron-donating substituents the ground state of
esters is more stabilized by resonance forms and the
activated complex is destabilized by localization of the
negative charge.


It follows from Eqns (29) and (33) that the meta and
para polar and alkyl inductive effects in both the alkaline
hydrolysis of substituted phenyl benzoates and tosylates
are varying simultaneously with temperature and the
solvent electrophilicity, ES, as expressed by Eqns (34) and
(35):


ðrm;pÞS � ðrm;pÞWater ¼ 0:10DES � 50
1


T


� �
DES (34)
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For the ortho inductive effect we obtained Eqn (35)
(see Eqns (32) and (33)):


ðrI�orthoÞS � ðrI�orthoÞWater


¼ 0:05DES � 25
1


T


� �
DES (35)


From Eqns (34) and (35) it follows that in all media
considered the temperature-dependent or enthalpy term
and the temperature-independent or entropy term show
the opposite influence on the substituent effects and the
reaction rates while the changes in activation energies,
DE, and DlogA caused by a substituents are in the same
direction. In solvents whose electrophilic solvating power
is reduced compared to water (DES< 0) the changes in
both the activation energy (EX�EH) and the
(logAX� logAH) value due to substituent effects as
compared to the same values in water in the case of
the electron-withdrawing substituents are lower, but
higher for electron-donating substituents. In media with
lower electrophilic solvating power compared to water
(DES< 0) the electrophilic solvatation of the transition
state is favored by electron-donating substituents which
raises the ester reactivity, while the activation energy
becomes higher. In media with DES< 0, the electro-
n-withdrawing substituents lower both the activation
energy and the electrophilic solvatation of the transition
state (by hydrogen-bond donating water molecules) as the
electron-withdrawing substituents delocalize to the
negative charge of the transition state. This is in accord
with assumption made by Buncel53 that in the esters’
hydrolysis the transition state structure changes with
changing the solvent composition. The negative charge of
the transition state in the esters hydrolysis is considered13


to increase when going to the less electrophilic media
compared to water (aqueous Bu4NBr and 80% DMSO
solutions) and decrease (compared to water) in aqueous
5.3 M NaClO4 whose electrophilic solvating power is
enhanced compared to water. In aqueous 5.3 M NaClO4


solution the transition state should become less negative
due to complexation of Naþ and H-bonding-water
molecules to negatively charged transition state65 due
to the increased H-bond donating capability of water in
inorganic salt solutions.66 Besides discussing the import-
ance of the influence of the variation of the hydro-
gen-bonding donor-assisted electrophilic solvation of the
transition state of the alkaline ester hydrolysis one should
not forget about the similar effect on the change of the
nucleophilic reactivity of hydrogen-bonded OH� ion in
aqueous solution of different H-bond donating power. The
stronger the dispersal of the negative charge of OH� ion
due to H-bond by water molecules, while going to more
electrophilic media, the lower (at a fixed substituent) the
rate constants k (see Table 1) (or the higher the activation
energies). In solution with the stronger electrophilic
power (DES> 0) the electron-withdrawing substituents
increase the activation energy as compared to water, as
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electron-withdrawing substituents delocalizing of the
charge in the transition state do not favor the complexa-
tion of Naþ or water molecules by H-bond to negatively
charged transition state. In media DES> 0, the electro-
n-withdrawing substituents favor and electron-donating
substituents disfavor the reactivity caused by solvatation
(Eqns (34) and (35)).


The difference (r)S� (r)Water reaches zero and changes
its sign at T¼bisosolv¼ 500 K. When going from water to
solution whose electrophilicity power is lower compared
to water (DES< 0): (r)S� (r)Water> 0 at (1/T)> 1/
bisosolv, and (r)S� (r)Water< 0 at (1/T)< 1/bisosolv. In
media with strong electrophilicity power (DES> 0):
(r)S� (r)Water< 0 at (1/T)> 1/bisosolv, and (r)S�
(r)Water> 0 at (1/T)< 1/bisosolv.


The dependence of the ortho inductive effect on both
temperature and solvent (Eqn (47)) and the isosolvent
temperature (bisosolv¼ 500 K common with meta and
para polar effect) let us consider that the different from
para and meta derivatives behavior of the ortho inductive
effect relative to temperature and solvent variation is
produced by steric inhibition to solvatation.67 The ortho
substituents near the reaction center could hinder
solvatation of the reaction center in transition state more
than in the initial state.

CONCLUSIONS


The susceptibility to temperature variation of the meta
and para polar substituent effect and the ortho inductive
effect in the alkaline hydrolysis of substituted phenyl
benzoates, C6H5CO2C6H4—X, and phenyl tosylates,
4-CH3—C6H4SO2OC6H4—X, and the alkyl polar effect
in alkyl benzoates, C6H5CO2R, in water, aqueous 5.3 M
NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and 80% (v/v)
DMSO was determined. Both the temperature-dependent
(i.e., polar substituent effect on activation energies) and
the temperature-independent polar substituent effects
(i.e., the polar substituent effect on the logA values) in
alkaline hydrolysis of substituted phenyl benzoates,
phenyl tosylates, and alkyl benzoates were found to be
nicely correlated with the solvent electrophilicity
parameter, DES, which characterizes the H-bond donating
power of the solvent and significantly influences the
solvation of the transition state, as well as the OH� anion.
The substituent effects were found to vary with tempera-
ture and the solvent electrophilicity, ES, compared to water
by the same extent in alkaline hydrolysis of substituted
phenyl benzoates and tosylates: ðrm;pÞS � ðrm;pÞWater¼
0:10DES � 50ð1=TÞDES, ðrI�orthoÞS � ðrI�orthoÞWater¼
0:05DES � 25ð1=TÞDES. In both reaction series con-
sidered in the case of meta and para polar substituent
effect the dependence on both temperature and solvent
electrophilicity, DES, was ca twice higher than that for the
ortho inductive effect. In alkaline hydrolysis of alkyl
benzoates the variation of the polar substituent effects
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with temperature and solvent electrophilicity was nearly
by the same extent as in the case of meta and para polar
effect. The r8(m,p), rI(ortho), and rI(Alk) values dependent
on the (1/T) term for various solvents were found to cross
nearly at the same isosolvent temperature (1/
bisosolv� 2� 10�3) for meta, para, ortho, and alkyl
substituents in alkaline hydrolysis of substituted phenyl
benzoates, phenyl tosylates, and alkyl benzoates. At
isosolvent temperature the differences (r)S� (r)Water


become zero for all polar substituents effects in all media
considered. At bisosolv� 500 K, rI(ortho)¼ r8(m,p) and the
additional inductive effect from the ortho position
(compared with para derivatives) disappears for all
solvents studied. The isokinetic temperature for a medium
considered, b, was found to diminish with going from
water to solvent whose solvent electrophilicity is reduced
as compared with water.

SUPPLEMENTARY MATERIAL


The following tables and figures are available as
supplementary material in Wiley Interscience:


Table S1: The values of logA and activation energy, E
(kJ mol�1), for the alkaline hydrolysis of substituted alkyl
benzoates, C6H5CO2R, in aqueous 0.5 M Bu4NBr and
5.3 M NaClO4; Table S2: results of the correlation with
Eqns (10) and (12) for the alkaline hydrolysis of
substituted phenyl benzoates, C6H5CO2C6H4—X, and
alkyl benzoates C6H5CO2R, in water, aqueous 5.3 M
NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and 80% (v/v)
DMSO; Table S3. Results of the correlation with Eqns
(10) and (11) for the alkaline hydrolysis of phenyl
tosylates, 4-CH3—C6H4SO2OC6H4—X, in water, aqu-
eous 5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and
80% (v/v) DMSO; Table S4: results of the correlation
with rTS¼ aþ b(1/T) (Eqns (13) and (15)) for the
alkaline hydrolysis of substituted phenyl benzoates,
C6H5CO2C6H4—X, and alkyl benzoates, C6H5CO2R,
in water, aqueous 5.3 M NaClO4, 0.5 M Bu4NBr,
2.25 M Bu4NBr, and 80% (v/v) DMSO; Table S5: results
of the correlation with rTS¼ aþ b(1/T) (Eqns (13) and
(14)) for the alkaline hydrolysis of substituted phenyl
tosylates, 4-CH3—C6H4SO2OC6H4—X, in water, aqu-
eous 5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M Bu4NBr, and
80% (v/v) DMSO; Table S6: the values of r8(m,p), rI(ortho),
and rI(Alk) for alkaline hydrolysis of substituted phenyl
benzoates, C6H5CO2C6H4—X, phenyl tosylates, 4-CH3—
C6H4SO2OC6H4—X, and alkyl benzoates, C6H5CO2R, in
water, aqueous 5.3 M NaClO4, 0.5 M Bu4NBr, 2.25 M
Bu4NBr, and 80% (v/v) DMSO; Figure S1: Dependence
of the temperature-dependent ortho inductive effect on
the solvent electrophilicity, DES, for alkaline hydrolysis
of substituted phenyl benzoates (plot 1) and phenyl
tosylates (plot 2). The values of c5(ortho) (*) and bI(ortho)


(&) for water, aqueous 5.3 M NaClO4, 0.5 M Bu4NBr,
80% (v/v) DMSO, and 2.25 M Bu4NBr were used
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(Tables S2–S5); Figure S2: Dependence of rI(Alk) on (1/T)
for alkaline hydrolysis of alkyl-substituted benzoates in
aqueous 5.3 M NaClO4 (plot 1), water (plot 2), aqueous
0.5 M Bu4NBr (plot 3), 80% (v/v) DMSO (plot 4), and
2.25 M Bu4NBr (plot 5) (Table S6).
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nantiomers of phenylglycine, phenylalanine, and tryptophan with
ion was studied by NMR and isothermal titration calorimetry (ITC) at


298.15K. The total heat effects attributed to the binding phenomena were measured in the range of 1.8 to 7.7mJ, and
the complexation was found stereo-specific. The binding topologies were estimated basing on 1H 2D-ROESY
experiments. The analysis of Job plots obtained from 1H NMR-monitored titrations proved the coexistence of 1:1 and
1:2 (crown ether:amino acids) complexes, which thermodynamic parameters, Ks, DG, DH8, and TDS were
determined with the aid of ITC. The 1:1 complexes were found enthalpically stabilized, generally by electrostatic
interactions between the charged NHþ3 group of amino acid and crown ether macrocyclic moiety, while the binding of
the second amino acid molecule was driven entropically due to solvatophobic effect. Strong enthalpy–entropy
compensation points towards the uniform binding mode of all complexes studied. The mode of complex formation was
found solvent dependent. For phenylalanine guest studied in various solvent systems, in contrast to the aqueous media,
the noticeable chiral recognition is observed in methanol solution, and the complex stoichiometry (1:2 ether:Phe)
differs from the 2:1 one, determined previously for the same host-guest system in water (J. Thermal. Anal. Cal. 2006;
83: 575–578). Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat

KEYWORDS: chiral crown ether; amino acids; complexation; ITC; NMR

INTRODUCTION


Amino acids and peptides are biologically active
substances of great importance. Their interaction patterns
with enzymes and antibodies as well as DNA are
nowadays the subject of intensive studies. In the last
decades, numerous macromolecular systems were engin-
eered to achieve a stereo-specific recognition of peptide
systems. Some of such systems exhibits so large
specificity towards given amino acid residues that they
act as an artificial receptors.1,2 Although cyclodextrin,3


calixarene,4 or porfirin5,6-based hosts molecules were
successfully applied in sequence-specific amino acid
recognition, crown macrocycles were commonly used as
binders of N-terminal amino groups.5,7,8 Crown ethers are
known to form complexes with amines, amino acids, and
peptides by forming hydrogen bonds between oxygen
atoms of macrocyclic rings and protonated NHþ3
group.9–14 The ability of crown ethers to bind amines
is used in separation processes and analytical chemistry

to: J. Poznański, Institute of Physical Chemistry,
of Sciences, Kasprzaka 44/52, 01-224 Warsaw,


hf.edu.pl


7 John Wiley & Sons, Ltd.

for the modification of either the stationary or mobile
phase in chromatography and capillary electrophoresis.


Our previous investigations demonstrated the chiral
differentiation of the analyzed amino acids upon water–
chloroform extraction, by HPLC, and upon transport
through either liquid or supported membranes by means
of chiral crown ethers coupled with sugar units.15–18


Sugar-attached crown ethers were also used to achieve
enantiomeric recognition of amino acids in Langmuir
monolayers.19


The example of such type of compound is
D-mannonapho-crown-6-ether 1 (Fig. 1), which was
originally designed and synthesized by Pietraszkiewicz15


to obtain the chiral recognition of amino acids. The crown
ether 1 consists of sugar and naphthalene moieties
attached to the 18-crown-6 macrocyclic skeleton. The
macrocyclic ring of chiral crown ether 1 is a major
binding site for primary chiral ammonium cations. Sugar
unit serve a source of chirality providing hydroxyl groups
capable to form a pattern of hydrogen bonds with side
chains of amino acid molecules. Naphthalene moiety
creates an additional binding site enabling p–p stacking
interactions, enabling specific recognition of amino acid
aromatic side chains.5,7 Thus, interaction with chiral
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Figure 1. Structure of D-mannonaphto-crown-6-ether 1.
The sugar and naphthalene moieties are attached to the
18-crown-6 macrocycle
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macrocyclic molecules could be applied in separation of
amino acids’ enantiomers.


The observation of thermal effects of complex
formation between macrocyclic receptors and biological
compounds expand our knowledge about real biological
systems. The majority of biological processes undergo in
aqueous solutions, and therefore in our previous
investigations, we have studied the complexation
phenomena between chiral crown ether 1 and enantio-
mers of phenylalanine (in three ionic forms: zwitterion,
potassium, and hydrochloride salts) in aqueous solutions
with the aid of both conduction and titration calorime-
try.20,21 The heat effects of the complexation were found
differentiating, both in the sign and the magnitude, for the
three analyzed forms of phenylalanine, but for each
couple of D,L enantiomers, the thermal responses were
found very close to each other. The main reasons for the
poor chiral recognition upon the complexation in aqueous
solution were attributed to the strong interaction of amino
acids and crown ether with the solvating water molecules.
This was confirmed by X-ray-derived molecular struc-
ture, where in crystal unit cell, the two conformers of
chiral crown ether 1were solvated by seven well-resolved
water molecules (Lipkowski and Koźbiał, unpublished
data).


Since the strong entropic partition rise from solvation
changes of host and guest molecules upon binging,22


majority of available data concerning the binding of
amino acids by crown ethers were obtained from
measurements in methanol solution.11–13 In the presented
study, we have also followed the complexation phenom-
ena between chiral crown ether 1 and amino acids
enantiomers in methanol solutions. The presented study
was performed to help in rational functionalization of
ether 1 improving its stereo-specific discrimination of
N-terminal aromatic amino acids. In order to recognize
the mechanism of the complexation, and to determine the
thermodynamic parameters and stability constants (Ks)
for complexes formed by chiral crown ether 1 and
enantiomers of phenylglycine, phenylalanine, and trypto-
phan, the isothermal calorimetric titrations were carried
out. Additionally, the 1H NMR-monitored titration
experiments were performed, and 1H 2D-ROESY spectra
were recorded to investigate the intermolecular inter-
action patterns characterizing the complexes formed.

Copyright # 2007 John Wiley & Sons, Ltd.

EXPERIMENTAL


Materials


Amino acids, Phenylglycine (PhGly), Phenylalanine
(Phe), and Tryptophan (Trp) were purchased from Fluka,
and used as received. Crown ether 1 was synthesized
individually by Pietraszkiewicz15. Methanol (Chempur,
Piekary Śląskie, Poland) was of analytical grade.
Methanol-d4 (99.5% 2H enriched) was purchased from
ARMAR (Switzerland).


Titration calorimetry


Titration Calorimetry experiments were carried out using
isothermal titration calorimeter Omega-ITC (Microcal,
Inc., Northampton, MA). The microcalorimetric titrations
were performed at 298.15K in methanol solutions. In
each run, a constant volumes (8ml/injection) of 10mM
crown ether 1 methanol solution initially placed in the
250mL syringe were injected into stirred (400 rpm)
sample cell containing 1.3186 cm3 of 1 mM amino acids
methanol solution. Each titration experiment consisted of
30 successive injections.


The ORIGIN software (Microcal, Inc.) was used to
estimate the binding constants and enthalpy changes
(DH8) of reaction in a single titration experiment. Prior to
the analysis, the resulted heat effects were corrected for
the dilution of reactants, both determined in the separate
experiments.


Initially, for all the analyzed systems, the 1:1 binding
model was applied. Its thermodynamics parameters were
then used as the starting points for 1:2 complexation
model. The final model, either 1:1 or 1:2 one, was selected
with the aid of F-Snedecor test, assuming the 0.01
significance level.

NMR spectroscopy


1H NMR spectra were recorded on 500MHz spectrometer
(Unity Plus Varian) at 298K in d4-methanol solution.
Methanol resonances (1H 3.31 ppm, quintet,
13C 49.15 ppm, septuplet) were used as the internal
references. The stoichiometry of the complexes was
determined using Job’s method.23 Solutions (2mM) of
crown ether and amino acids enantiomers were mixed at
different volumetric ratios. The spectra were processed
with the aid of MestRe-C 2.3a.24 Zero-filling up 64k data
points and p/3 shifted square sine-bell filter were applied
prior to Fourier transformation. All 2-D spectra were
acquired in d4-methanol solution using 384 increments of
1k data points in direct proton dimension, and processed
with the aid of NmrPipe25 software using p/3 shifted
sine-bell filter and zero-filling up to 1k data points in
indirect dimension prior to Fourier transformation. All 2D
spectra were analyzed with the help of Sparky 3.111

J. Phys. Org. Chem. 2007; 20: 506–513


DOI: 10.1002/poc







Table 1. 1H and 13C chemical shifts of free crown ether 1
assigned in deuterated methanol solution at 298.15K


Crown ether
moiety/resonance


Ds (ppm)


13 C 1H


Crown
A 69.16 4.32
B 69.95 4.02/3.93
C 72.48; 71.59 3.90/3.75; 3.89/3.72
D 72.48; 69.16 3.82/4.06; 3.69/3.90


Mannopyranoside
10 98.39 4.88
20 73.99 3.92
30 81.30 3.64
40 68.88 3.79
50 74.56 3.47
60 62.57 3.80/3.68


Naphtyl
1 108.19 7.34/7.29
2 127.21 7.79/7.64
3 125.33 7.01


Methanol-d4 49.14 3.31


Crown, Mannopyranoside, and Naphthalene moieties – Fig. 1


Table 2. Total enthalpy effects of complex formation
measured by isothermal titration microcalorimetry in metha-
nol solution at 298.15K


Amino acid


Total heat effect
of complexation
per mol of crown
ether 1 (kJ mol�1) DDH D,L(kJ mol�1)


D-PhGly �48.0 �10.8
L-PhGly �37.2
D-Phe �17.2 �1.1
L-Phe �16.1
D-Trp �22.9 �13.8
L-Trp �36.7
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Figure 2. Calorimetric titration curves obtained for the
complexation of PhGly, Phe, and Trp by crown ether 1.
The changes in enthalpy of complexation are presented as
a function of ether 1 concentration. Dashed lines represents
1:1 model, and solid ones correspond to 1:2 complexation
model. In the case of PhGly and L-Phe 1:1 model was found,
at the significance level of 0.01, sufficiently describing the
titration experiment
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program.26 In order to identify crown ether spin systems,
10 and 80ms mixing time TOCSY spectra were recorded
for both free and 1:1 amino acid–ether mixture. 1H and
13C resonance assignments were done basing on the
heteronuclear 1H-13C HSQC spectrum combined with the
10ms and 80ms mixing time TOCSYand 300ms mixing
time ROESY spectra. Additional set of TOCSY and
ROESY spectra recorded in the presence of amino acid
was used to identify the intermolecular interaction
pattern. The full assignment of free crown ether is
reported in Table 1.


RESULTS AND DISCUSSION


The study of complexation process in methanol solution
was carried out with the aid of titration calorimetry at
298.15K. The total heat responses corresponding to the
studied complexation phenomena were negative, failing
in the range of �16.1 to �48.0 kJ per mol of injectant.
The largest effects were found for the PhGly: �48.0 kJ
mol�1 and �37.2 kJ mol�1 for D- and L-enantiomers,
respectively. The differences between heat effects of the
complexation enantiomers of the same amino acid,
DDHD,L, varied in the order of �1.1 kJ mol�1, �10.8 kJ
mol�1, and �13.8 kJ mol�1 for Phe, PhGly, and Trp,
respectively. The overall enthalpy changes upon titration
of amino acids enantiomers by crown ether 1 per mol of
injectant are summarized in Table 2. The heat effects of
the complexation between crown ether 1 and enantiomers
of phenylglycine, phenylalanine, and tryptophan were
found higher than those previously observed in aqueous
solution.20,21 In contrast to the aqueous environment, all
the complexes are enthalpically stabilized, and the chiral

Copyright # 2007 John Wiley & Sons, Ltd.

differentiation is observed – the largest for Trp, and the
lowest for Phe. Experimental calorimetric titration curves
for all the three amino acids studied are presented in
Fig. 2. The observed dependence of DH8 on crown ether
concentration displays the same tendencies for both Trp
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Figure 3. Job plots obtained for phenylglycine, phenyl-
alanine, and tryptophan-crown ether 1 complexes by 1H
NMR titrations. The traces corresponding to L-enantiomers
(empty marks) are mirrored
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and Phe enantiomers, but differs markedly for D and
L-enantiomers of PhGly. In all the cases, the largest heat
flow were observed at the beginning of titrations process.
Our earlier study on D- and L-phenylalanine complexation
by chiral crown ether 1 in aqueous media (in a form of
zwitterions, hydrochloride, and potassium salt) indicated
that two ether molecules may be involved in binding of
single amino acid residue, and the model of two binding
sites was found to properly describe the complexation
phenomena. In aqueous solutions, the relative ratio of 1:1
and 2:1 complexes depends on the reagent concentrations
– the excess of ether drives the system to the 2:1
complexation mode, while 1:1 complex dominates at high
amino acid concentrations.


In methanol solutions, the stoichiometry of studied
complexes was determined by Job’s method using
1H NMR measurements. The variations in chemical
shifts of proton resonances derived from both sugar and
aromatic parts of crown ether could be detected upon
amino acid addition. The changes in chemical shift of
aromatic and mannose (HM30, HM40 HM60b) protons of
ether 1 are summarized in Table 3. These changes are
stereo-specific and they are larger for D enantiomers of
PhGly and Phe and L-enantiomer of Trp. The significant
differentiation of enantiomers were also observed for all
amino acids, but in the case of PhGly, overlapped signals
of sugar ring protons did not split, what should be
attributed to the restricted flexibility of PhGly side chain
shortened by the lack of methylene C(b)H2 group
separating amino acid’s main chain and aromatic ring,
and in consequence different modes in binding to crown
ether 1. The changes in resonance line positions upon
complexation of D- and L-enantiomers of Phe and Trp are
close, but in this case, the analyzed signals were well
separated. These amino acid molecules carry more
flexible side-chains, which can adopt a conformation
enabling effective magnetic shielding of mannose protons
upon complex formation. The changes in pattern of

Table 3. The bound shifts, DdCSI, of chiral crown ether 1
resonances determined for complexation of aromatic amino
acids enantiomers in methanol solution at 298.15K


ether 1
resonance


DdCSI, ppb estimated for a given guest molecule


D-PhGly L-PhGly D-Phe L-Phe D-Trp L-Trp


H 1a 6 6 1 �1 2 4
H 1b 6 6 15 12 3 4
H 2a 0.3 �0.3 6 5 26 0
H 2b 2 10 7 6 6 0
H 3a �13 5 16 12 �36 �37
H 3b 4 �0.3 15 13 �38 �37
H 30 60 54 80 35 30 42
H 40 60 54 85 35 34 36
H 60b 60 54 89 36 39 31


The data, calculated from NMR monitored titration experiments and
ITC-determined stability constants (K), are biased at �25% level due to
K uncertainty propagation.


Copyright # 2007 John Wiley & Sons, Ltd.

resonance signals of macrocyclic ring and naphthalene
moiety proton resonances are smaller, but their existence
indicates that these parts of chiral host are also involved in
complexation of aromatic amino acids. The largest
deviations in aromatic part of crown ether NMR spectra
were observed upon binding Trp enantiomers (protons
H2b and H3). Small changes in the position of amino
acid’s side chain aromatic proton resonances were also
observed upon binding.


The variations in chemical shifts of crown ether caused
by changes in amino acid concentration were used for the
determination of complex stoichiometry. The variation of
sugar protons D- and L-PhGly upon complexation by
crown ether 1 were also analyzed. The Job plots obtained
for pairs of enantiomers of amino acids studied are
collected in Fig. 3. The asymmetry of the shape of the
curves clearly indicates the dominance of either 1:1 or 1:2
(crown ether: amino acid) complexes, which proportions
depends on both the amino acid residue type and the
reagents concentration.


Amino acid residues also display changes in chemical
shift upon complexation, but due to the strong signal
overlapping with ether resonances those of aliphatic Ha
and Hb could be hardly assigned, while strongly coupled
spin systems of aromatic protons practically precludes the
quantitative analysis. Generally, the tendencies in
chemical shift changes observed for the amino acid
stereoisomers reflect the stability of their complexes.
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Figure 4. Fragment of 2-D ROESY spectrum of L-Phe-ether 1 complex in methanol-d4. Chopped lines correspond to the
spectrum of ether 1, while the solid ones represent the spectrum recorded after Phenylalanine addition. One of the cross-peaks
involving Phe(He) is unequivocally assigned to the intermolecular interactions
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Thus, aromatic signals of L- and D- stereoisomers of
PhGly experience the CIS up to 30 ppb and 13 ppb,
respectively, while for Trp, the tendency is reversed
�3 ppb and 4 ppb. In the case of Phe guests, the effect for
L-isomer is negligible, while for D-one is in the order of
1–2 ppb.


The intermolecular magnetization transfer evidenced
in ROESY experiments, confirmed that the crown ether
macrocyclic ring is directly involved in the complexation
of phenylalanine. The efficient intermolecular magneti-
zation transfer was undoubtfully assigned between He
resonance of Phenylalanine and naphtyl H2 and HA/HB
of crown, respectively. The rest of expected intermole-
cular contacts are observed, but could not been
unequivocally assigned due to the strong signal overlap-
ping (Fig. 4). Moreover, the two HA (crown) resonances
degenerated in the free ether 1 are well resolved upon
amino acid binding. All these changes point to the
topology of the complex, indicating that the phenyl-
alanine benzene ring is protected from the solvent being

Copyright # 2007 John Wiley & Sons, Ltd.

placed just between the naphthyl and crown moieties of
ether 1. The mannose part putatively interacts both with
backbone carboxyl group and side chain of amino acid,
supporting weak source of stereospecificity.


Basing on the stoichiometry obtained from 1H NMR
titration, the heat effects measured upon isothermal
calorimetry titrations were analyzed. The stability
constant values and thermodynamic parameters of
complexation processes for all amino acids studied were
determined according to the complexation equilibria:


Eþ A !K1 EA (1)


EAþ A !K2 EA2 (2)


where E is crown ether 1 and A is amino acid. The
estimated values of Ks, DG, DH8 and TDS are collected in
Table 4.


Both enantiomers of the smallest amino acid analyzed,
PhGly, were found to bind in the same manner forming
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Table 4. Stability constants and thermodynamic parameters determined for complexation of enantiomeric amino acids with
crown ether 1 in methanol solution at 298.15 K


Amino acid K1 (dm
3 mol�1) K2 (dm


3 mol�1) DH8 (kJ mol�1) TDS (kJ mol�1) DG (kJ mol�1)


D-PhGly 1346 (�130) �9.6 (�0.1) 8.2 (�0.4) �17.8 (�0.3)
L-PhGLy 441 (�132) �9.0 (�0.6) 6.1 (�1.9) �15.1 (�1.0)
D-Phe 616 (�197) �5.4 (�0.4) 10.5 (�1.3) �15.9 (�0.9)


1027 (�127) 3.3 (�0.6) 21.0 (�0.5) �17.2 (�0.4)
L-Phe 363 (�82) �5.5 (�0.7) 9.1 (�1.3) �14.6 (�0.6)
D-Trp 359 (�78) �9.2 (�1.2) 5.3 (1.8) �14.5 (�0.6)


1228 (�292) 3.8 (�0.9) 21.4 (�1.6) �17.6 (�0.7)
L-Trp 407 (�162) �14 (�2.0) 0.8 (�1.1) �14.8 (�1.2)


1285 (�307) 7.7 (�1.4) 25.4 (�2.0) �17.7 (�0.7)
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1:1 complex, exhibiting the negative enthalpy and
positive entropy changes upon binding. The chiral
discrimination was achieved due to the difference in
the entropic terms. The 1:1 complexes of D- and L-Phe are
also stabilized by negative enthalpy and positive entropy,
the binding the second molecules of D-Phe is accom-
panied by positive enthalpy and entropy changes. The
thermal effect of complexation process is close for both
enantiomers. The complexes of D- and L-enantiomers of
Tryptophan have similar origin, the 1:1 complexes for
both enantiomers are enthalpically stabilized, and 1:2
ones are entropy driven. The L-enantiomer of Trp is
strongly bounded. The values of stability constants and
thermodynamic parameters showed that for both enan-
tiomers of PhGly, the complexes are enthalpically
stabilized. The complexation processes of both D (1:2
stoichiometry and) and L (1:1 stoichiometry) enantiomers
of Phe were connected with small enthalpic and stronger
entropic effects. In the case of tryptophan (both 1:2
stoichiometry), the formation of 1:1 complexes was
enthalpically stabilized and the binding of the second
molecules of tryptophan was entropically stabilized
process with positive enthalpy. The values of Gibbs free
energy do not differ significantly for amino acids studied
(�10.9 to �17.8 kJ mol�1). The similar pairs of values
of K1 and K2 were obtained for both enantiomers of
tryptophan, but higher for L-enantiomer. This suggested
similar mechanism of complexation of complexation of D
and L-enantiomers of Trp by crown ether. Both 1:2
complexes are stabilized by solvatophobic interactions
between naphthyl and indole rings of ether molecule and

Figure 5. Schema of the organization of 1:2 complexes of crown
were built with the aid of ChyperChem 6 using Amber forcefiel
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tryptophan, respectively, while the 1:1 complex is
stabilized by electrostatic interactions between the amino
groups of amino acids and crown ether macrocyclic ring.
Thus, it is strongly suggested that in the 1:1 complex, the
molecule of tryptophan is bound to non-chiral part of
crown ether, while the other Trp molecule is stabilized by
the aromatic p–p stacking. The proposed geometries of
1:2 complexes of D and L-Trp with crown ether 1,
calculated by Molecular Mechanics using HyperChem 6
software, which satisfy all the NMR and calorimetric
data, are shown in Fig. 5.

CONCLUSIONS


The results of calorimetric and 1H NMR titration
experiments point towards the heterogeneity of the
mechanism of binding process in methanol solution.
The Job curves obtained from 1H NMR measurements
indicated the presence of 1:1 and 1:2 (crown ether:amino
acid enantiomers) complexes, and the stoichiometry
preferences depend on both the amino acid type and its
chirality. The heat effects of complexation were found
moderate, but differentiating each couple of enantiomers
studied. The results of 1H NMR and calorimetric
measurements allowed the interpretation of the details
of binding equilibrium, which take place during the
titration experiments. The proposed binding model for D


and L-Trp suggests that all 1:1 complexes are stabilized
enthalpically by direct interaction of charged N-terminal
amino group with crown macrocycle. The main source of

ether 1 with D (left) and L (right) Tryptophane. The complexes
d
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stereo specific differentiation arise from thermodynamic
properties of 1:2 complexes, in which one molecule of
amino acid is bond to bottom and second to upper part of
crown ether, as it could be concluded from the data
presented in Table 2. The positive entropy change in 1:2
complexes results from the balance of the desolvation of
both host and guest molecules upon complexation and the
contribution from host–guest association, since the
binding of two partners to forming a complex results
in a more negative DS8 due to the loss of degrees of
freedom for translation and rotation,27 while the opposite
effect is observed upon the release of solvent molecules
and counter ions engaged in the solvation of the binding
sites.28 This results in the gain of entropy when the
contact surfaces are unfavorably solvated in the free state.
This effect is also widely observed in the protein crys-
tallization phenomena.29 Since in the stabilization of 1:2
complexes participate mainly aliphatic and aromatic parts
of molecules (c.f. Fig. 5), the desolvation of apolar parts
of both molecules overcompensates entropy loss upon
complexation of the second amino acid molecule to the
1:1 complex. Contrary, the 1:1 complexes are stabilized
by the interaction of ether with the amino acid N-amino
group, and the entropy gain upon desolvation of the
charged NHþ3 group is significantly lower.


The endothermic binding of the second amino acid
residue raise from unfavorable interaction between the
two charged N-terminal amino groups occupying
proximal sites on the both crown macrocycle sides, as
it is roughly presented in Fig. 5. Thus preventing binding
of the ‘bottom’ molecule should improve ether 1 affinity
and selectivity towards aromatic residues.


This binding scheme is applicable to all amino acid
residues studied with the only exception of PhGly and
L-Phe, for which the binding of the first amino acid
molecule to the crown moiety preclude the succeeding
binding of the second one.


The linear enthalpy–entropy dependence estimated
independently for both 1:1 and 1:2 complexes formation,
as presented in Fig. 6, is frequently observed in
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Figure 6. The enthalpy–entropy dependence determined
for the complexes of enantiomeric aromatic amino acids
with chiral crown ether 1. The slope of the correlation line,
1.16� 0.03, indicates the relatively large reorganization of
ether 1 required for efficient binding
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various host–guest systems, and validates both the quality
of experimental data and data treatment procedure
applied. The observed clustering of thermodynamic
parameters determined for 1:1 and 1:2 complexes in
enthalpy/entropy coordinates confirms the direct obser-
vations that both types of complexes differ in the
interaction patterns. The common slope of the obtained
line characterize the effect of conformational changes of
host molecules required for the efficient complexation,
while the intercept is a measure of the solvatophobic
effect.30 The DH8–TDS linear dependence indicates that
the all, but D-PhGly complexes are characterized by a
slope of 1.160� 0.03, higher than that determined for
calixarene- or cyclodextrin-based Host molecules,31


indicating the larger conformational changes required
for efficient binding. The intercept value of 16.5� 0.3 kJ
mol�1 is close to the values found for macrocycles of the
similar size. The enthalpy–entropy dependence for
D-PhGly complex falls out of the correlation found,
indicating the improved spatial compatibility of the
crown ether 1 Host molecule towards this PhGly
enantiomer.


The 1H NMR data indicated that all three moieties of
crown ether:macrocyclic ring, sugar unit, and naphtha-
lene ring are involved in amino acids molecules binding.
The additional binding site, enabling 1:2 complexation,
defines the overall ‘pocket’ on the chiral receptor, and
thus requires a more defined spatial orientation of chiral
guest than the primary one, what should cause higher
enantiomer selectivity. In consequence, 1:1 complexes
driven by direct electrostatic interactions between
N-terminal amino group and crown macrocycle exhibits
similar thermodynamic parameters, slightly moderated
by the properties of amino acid, while 1:2 complexes’
stability are much more sensitive for the both amino acid
type and its chirality.


Finally, it could be concluded that presented results
confirmed that calorimetric and 1H NMR measurements
may be successfully used in the studies of chiral
recognition of amino acids, and the information obtained
from calorimetric and NMR data can help in designing
the methods of separation of amino acids enantiomers.
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lkoxy-5-(3-pyridyl)]thienyl}pentan-3-ols self-associate both in the
solids display a broad OH absorption at 3320 cm�1, corresponding to


an intermolecularly hydrogen-bonded syn rotamer, probably a dimer, as well as absorptions around 3500 cm�1 of the
intramolecularly hydrogen-bonded anti form. Well-crystallized samples of these derivatives go into solution in the syn
form but undergo rotation to the anti rotamer at a rate which can be measured directly by proton Nuclear Magnetic
Resonance (NMR) spectroscopy. The diethoxy derivative was studied in a wide variety of solvents. The activation
energy for syn!anti rotation is practically solvent-independent, whereas that of the reverse reaction falls in
hydrogen-bonding solvents, by more than 2 kcalmol�1 on going from chloroform or benzene to dimethylsulfoxide
(DMSO). By combining direct measurements at low temperature and Dynamic Nuclear Magnetic Resonance
(DNMR) results at high temperature, rotation rates were evaluated over a range of more than 100K, and significantly
large negative activation entropies determined. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


There has been little systematic work on the solvent
dependence of rotation barriers, probably because they
are generally so small that the choice of solvents is
severely restricted to those, often halohydrocarbons,
which do not freeze at the low temperatures required for
the measurements. The most notable exception to this
statement concerns rotation about the C—N bond in
amides and thioamides,1 where activation energies
increase with concentration and are much greater in
polar than non-polar solvents. The positive activation
entropies found in the more polar solvents are attributed
to transition state desolvation. In contrast, rotation in
9-(2-methoxy-1-naphthyl)fluoren-9-ol is easier in DMSO
than in hexachlorobutadiene, and activation entropies are
negative in both solvents.2 These results indicate
contrasting patterns in the relative importance of reactant
and transition state solvation.


In previous work from this laboratory3–7 on rotation
about sp2-sp3 carbon-carbon bonds in congested alcohols,

to: J. S. Lomas, Interfaces, Traitements, Organis-
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ris, France.
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it has been found: (a) that rotation barriers can range from
about 15 to 45 kcalmol�1 (1 cal¼ 4.184 J), (b) that the
rotation barrier is strongly directional, that is, equilibrium
constants can be far from unity, in which case there are
two different barriers, depending on whether the rotation
is considered to start from one extremum or the other, and
(c) that equilibrium constants and rotation barriers are
solvent-dependent. Feature (a) is simply of matter of
steric hindrance, sterically demanding rotors turning
more slowly than smaller ones. Feature (b) may also
depend on steric factors but in several cases both (b) and
(c) are related to the presence of the OH group and the
possibility of intramolecular hydrogen bonding.


We recently reported that 2,2,4,4-tetramethyl-3-{2-
[3,4-alkylenedioxy-5-(3-pyridyl)]thienyl}pentan-3-ols,
1a and 1b, self-associate both in the solid and in solution.8


The corresponding 3,4-dialkoxy derivatives, 1c and 1d,
are found to behave in the same way but, because they are
more sterically hindered, it becomes possible to measure
rotation barriers directly at room temperature over a
complete range of solvent character, without recourse to
dynamic NMR. This unusual opportunity results from the
convenient magnitude of the barriers and the fact that
these alcohols crystallize in a self-associated form of
the syn rotamer, which is the less stable in most solvents.
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In some cases it is possible to complement the room-
temperature data with measurements based on dynamic
NMR at much higher temperatures. Analogous examples
of direct measurement of rotation barriers involve
isolation of the less stable rotamer as a lithium salt9 or
solvent change.10

Figure 1. IR spectra of 1c and 1d, cast fromCH2Cl2 solution
onto KBr plates

RESULTS AND DISCUSSION


Synthesis, NMR and IR Spectroscopy


Two 2,2,4,4-tetramethyl-3-{2-[3,4-dialkoxy-5-(3-pyridyl)]-
thienyl}pentan-3-ols, where the alkoxy group is methoxy
(1c) or ethoxy (1d), were synthesized from the corres-
ponding 2-(3-pyridyl)-3,4-dialkoxythiophenes, 2c and
2d, prepared by methods described previously.8 Routine
1H NMR spectra of equilibrated solutions of these
compounds in chloroform at room temperature indicate
that they are primarily in the anti form, with syn/anti
ratios somewhat greater than those of analogues which
lack the 5-(3-pyridyl) substituent, 3c and 3d.10 Full
details concerning the characterization of the syn and anti
rotamers, as well as an X-ray diffraction study of the syn
dimer of 1b are given in the previous paper.8 The
relationship between the rotamers and the dimer is
depicted in the Scheme below.


The IR spectra of 1c and 1d, deposited from
dichloromethane solution onto a KBr plate, show strong
absorptions at 3497 and 3489 cm�1, respectively,
corresponding to the anti isomer (Figure 1). Compounds
3c and 3d, which lack the 3-pyridyl substituent, absorb at
3502 and 3486 cm�1, respectively, in solution in carbon
tetrachloride.5b However, 1c and 1d also show broad

Copyright # 2007 John Wiley & Sons, Ltd.

absorptions at about 3320 cm�1, associated with an
intermolecularly hydrogen-bonded species. The free syn
isomers of 3c and 3d have OH absorptions at 3606/3626
and 3605/3629 cm�1, respectively,5b which means that
the absorptions of the associated forms of the syn rotamer
(which we assume, by analogy with 1b,8 to be dimers) of
1c and 1d are red-shifted by about 370 cm�1.

Direct NMR measurement of rotation barriers


The first aim was to extend our study of self-association8


to the 3,4-dimethoxythiophene derivative, 1c, though the
low equilibrium syn/anti ratio would be expected to make
self-association of the syn rotamer more difficult to
investigate. However, a solution of the alcohol in benzene
was found to evolve rapidly: the syn/anti ratio is high
immediately after dissolution of the solid but falls at the
same time as does the shift of the syn OH proton. Both
reach stable values after about 4 hours at 298K (Figure 2).
The well-crystallized samples used for the NMRwork are
very predominantly syn, in agreement with the single-
crystal X-ray diffraction study on the 3,4-ethylenediox-
ythiophene (EDOT) derivative, 1b,8 whereas the IR
samples, prepared by evaporation of a solution, are
clearly much less homogeneous.


The overall rate constant, kglob, is 9.7� 10�4 s�1


and the equilibrium constant 0.14 (K1¼ [syn]/[anti]),
which give activation energies of 21.6 kcalmol�1 and
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Figure 3. Solvent dependence of rotation barriers for 1d


Figure 2. Rotation and dissociation of 1c in benzene at
298 K


SOLVENT EFFECTS ON ROTATION BARRIERS 223

22.8 kcalmol�1 for the syn!anti and anti!syn rotations,
respectively. The reaction is slightly faster in chloroform,
1.26� 10�3 s�1, and the equilibrium constant about
the same, giving activation energies of 21.5 and
22.7 kcalmol�1. Corresponding values for the reaction
in pyridine are 2.6 10�3 s�1 and 2.08 (activation energies
21.6 and 21.2 kcalmol�1). According to our previous
findings,5a,6 the syn!anti barrier should be solvent-
independent, whereas the anti!syn barrier should
decrease in the more hydrogen-bonding solvent. These
expectations are satisfied by the data obtained at 298K.


The slightly less reactive 3,4-diethoxy derivative, 1d,
was studied in a much wider variety of solvents. The
activation energies for the syn!anti rotation range from
21.7 kcalmol�1 in chloroform to about 22.1 kcalmol�1 in
DMSO, whereas that for anti!syn rotation goes from
23.5 to 21.4 kcalmol�1 in the same solvents (Table 1).
Where values can be compared, they are slightly higher
for 1d than for 1c, following the same trend as for the

Table 1. Solvent dependence of synÐanti rotation barriers in
pentan-3-ols, 1c and 1d, at 298 K


Compound Solvent
K1


[syn]/[anti]
[104 kglob]


s�1


1c Chloroform 0.13 12.6
1c Benzene 0.14 9.7
1c Pyridine 2.1 26.0
1c DMSO 5.9 —
1d Chloroform 0.048 7.6
1d Benzene 0.055 6.3
1d CD2Cl2 0.090 7.0
1d Acetone 0.42 6.8
1d Dioxanc 0.45 7.1
1d Methanol 0.47 8.2
1d Pyridine 0.88 9.9
1d DMFd 1.4 12.5
1d DMSO 3.1 16.4


aReference 5b.
bEstimated value.
cHydrogen bond basicity parameter taken as 0.45 (ether) for Figure 3.
dNot included in Figure 3.
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parent compounds without the 3-pyridyl substituent, 3c
and 3d.5c The activation energies for 1d correlate roughly
with Abraham’s hydrogen bond basicity parameters,11 the
slopes being 0.36� 0.06 and �2.65� 0.28 for syn!anti
and anti!syn, respectively (Figure 3). For such a simple
one-parameter approach the correlations are remarkably
good. Only for dimethylthioacetamide has a greater
solvent effect been reported, the rotation barrier going
from 20.3 kcalmol�1 in decalin to 23.4 kcalmol�1 in
DMSO.1b


An attempt to run analogous experiments on the EDOT
derivative 1b failed because the material cannot be
dissolved quickly enough. It is initially in the syn form, as
witnessed by the X-ray diffraction and IR studies,8 but the
synÐanti equilibrium is established more quickly than
for 1c. This is expected, since the rotation barriers for 3b
in DMSO are about 1.6 kcalmol�1 lower than for 3c.5c


The question arises as to why simpler derivatives
have not been investigated in the same way, e.g. 2,2,4,4-

2,2,4,4-tetramethyl-3-{2-[3,4-dialkoxy-5-(3-pyridyl)]thienyl}-


DG 6¼syn!anti
kcal mol�1


DG 6¼anti!syn
kcal mol�1


K1(3c or 3d)
[syn]/[anti]


21.47 22.68 0.069a


21.6 22.8 0.090a


21.6 21.2 0.88a


(21.7)b (20.6)b 2.1a


21.73 23.52 0.032a


21.85 23.53 0.037a


21.79 23.22 0.048
21.97 22.48 0.16
21.95 22.43 —
21.88 22.33 0.14
21.92 21.99 0.41a


21.92 21.72 0.51
22.07 21.41 1.02a
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tetramethyl-3-(2-thienyl)pentan-3-ols, 3a-d. However,
these are mainly in the intramolecularly hydrogen-
bonded anti form in the solid state.5b Compound 3a is
very predominantly syn in solution but the rotation barrier
is so low that dynamic NMR is required to measure it even
at room temperature.5b Alcohol 3b has a slightly higher
barrier but insufficient for direct measurement at room
temperature. Equilibration of 3c and 3d is slower but in
benzene would correspond to only about 8% (3c) or 3%
(3d) reaction. Hydrogen-bonding solvents are potentially
more interesting, as they favor the syn rotamer, but the
rotation rates are higher and difficult to measure at 298K
even using single-scan NMR spectra. However, com-
pound 3d goes into solution in the anti form, and in
DMSO (K1¼ 1.0) has an overall rate constant of
1.3� 0.1� 10�3 s�1, whence a rotation barrier of
21.8 kcalmol�1.

Dynamic NMR measurement of rotation
barriers


It is notoriously difficult to measure activation enthalpies
and entropies of rotation by dynamic NMR,12 but in many
cases activation entropies are small enough to be
neglected,13 which means that the activation energy,
DG 6¼, can be used for discussion in the place of the
activation enthalpy,DH6¼. However, in hydrogen-bonding
solvents the equilibrium constant for alcohols such as
1a-d and 3a-d varies very considerably with the
temperature, the anti rotamer tending to predominate
as the temperature increases and hydrogen bonding of the
syn rotamer by the solvent weakens.5b This means that
while DS6¼ may be negligible for one rotation it certainly
cannot be for the reverse rotation, the difference between
the two activation entropies being the reaction entropy,
DS8. For these and related alcohols in pyridine or DMSO
this latter is of the order of 10 calmol�1 K�1.5b


In the present work we use DG 6¼ values, which can be
measured accurately at close to room temperature, in
order to ‘‘anchor’’ rotation barriers measured by
conventional dynamic NMR at relatively high tempera-
tures. The errors on rates determined by dynamic NMR
are least close to coalescence or beyond this point but, in
our experience, when the rotamer populations are
unequal, relative concentrations and chemical shifts

Table 2. Activation enthalpies and entropies for rotations in 2,2


Compound Solvent


syn!anti


DH 6¼/kcal mol�1 DS 6¼/cal


1c Benz/tol 20.64� 0.14 �2.9
1c Pyridine 20.86� 0.07 �2.6
1c DMSO 20.75� 0.21 �3.4
1d DMSO 21.54� 0.30 �1.9
3d DMSO 20.13� 0.17 �5.5


Copyright # 2007 John Wiley & Sons, Ltd.

and, consequently, activation energies become unreliable
in this range. Moreover, in some cases which we
investigated coalescence occurs considerably above the
boiling point of the solvent, and experiments had to
be curtailed to avoid explosion. Except in the most
favorable cases, a scatter of data points is obtained in the
high-temperature range, with a poorly defined tempera-
ture dependence. Nevertheless, all points must be
assumed to lie in the general area of the true activation
energy, even if individual points are unreliable. A valid
correlation can therefore be drawn through these points
and the one or several points at lower temperature(s).


The dimethoxy derivative, 1c, was studied in
benzene at room temperature and in toluene (sealed
tube) at temperatures around 400K. Combining the
data gives plots which extend over a range of more than
100K (Figure 4, Supplementary Material Table S1).
Activation entropies for both the anti!syn and the
syn!anti rotations are small, �2.9� 0.3 and �3.2�
0.4 calmol�1 K�1, respectively (Table 2). These are not
very different from those reported by Oki (�3.2 and
�6.6 calmol�1K�1) for 9-(2-methoxy-1-naphthyl)fluoren-
9-ol in hexachlorobutadiene, another system where one
rotamer has an OH group hydrogen-bonded to an ether
oxygen.2 In pyridine the contrast is much more
pronounced, the corresponding values being �11.0�
0.1 and �2.6� 0.2 calmol�1K�1, respectively (Figure 5,

,4,4-tetramethyl-3-(2-thienyl)pentan-3-ols


anti!syn


mol�1 K�1 DH 6¼/kcal mol�1 DS6¼/cal mol�1 K�1


� 0.3 21.91� 0.13 �3.2� 0.4
� 0.3 17.95� 0.05 �11.0� 0.1
� 0.6 17.38� 0.27 �11.1� 0.7
� 0.8 18.36� 0.24 �10.3� 0.6
� 0.4 18.14� 0.15 �12.2� 0.4
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Supplementary Material Table S2). The first figure is
close to those found for either rotation of Oki’s system in
DMSO.2 Strictly speaking, since the plot of DG8 against
T for 1c in pyridine is not perfectly rectilinear (Supple-
mentary Material Figure S1), that is, it does not follow the
van’t Hoff model, a polynomial should be drawn through
the data for syn!anti rotation (dashed line in Figure 5).


The reaction of 1c in DMSO at 298K is fast and gives
only 14% of the anti isomer; therefore, the rotation barrier
cannot be determined directly but, by comparison with
1d, activation energies of 20.6 and 21.7 kcalmol�1 can be
estimated for the anti!syn and syn!anti rotations,
respectively. The high-temperature data lie on roughly
straight lines which are, however, somewhat skewed with
respect to the low-temperature point. Nevertheless, the
overall activation entropy values are similar to those for
pyridine, �11.1� 0.7 and �3.4� 0.6 calmol�1 K�1,
respectively (Supplementary Material Figure S2 and
Table S3). The outstanding result is that both the
activation entropy and the activation enthalpy for
syn!anti rotation are virtually solvent-independent. In
contrast, the activation entropy for anti!syn rotation is
much more negative for the hydrogen-bonding solvents
than for benzene/toluene, while the activation enthalpy is
much lower (Table 2).


The high-temperature DNMR data for 1d in DMSO
(only the pyridyl region can be used) show considerable
scatter but, when taken with the experimental datum at
298K, give activation entropies,�10.3� 0.6 and�1.9�
0.8 calmol�1 K�1, for the anti!syn and syn!anti
rotations, respectively, similar to those for the dimethoxy
derivative, 1c (Supplementary Material Figure S3 and
Table S4). The activation enthalpies for 1d are about
1.0 kcalmol�1 higher in both cases, which means that the
difference in the rotation rates of 1c and 1d is essentially
enthalpic.


For compound 3d in DMSO once again the datum at
298K can be used to anchor the high-temperature data
(Supplementary Material Figure S4 and Table S5), and

Copyright # 2007 John Wiley & Sons, Ltd.

the activation parameters are not very different from those
obtained from the high-temperature data alone. For both
rotations the activation enthalpies are lower for 3d than
for 1d, whereas the activation entropies are more
negative. The greatest differences are for the syn!anti
rotation, but these compensate in the high-temperature
region. Comparison of 1c and 1d with 3c and 3d,5b


respectively, reveals that the syn!anti rotation barrier in
DMSO is virtually unchanged whereas the anti!syn
barrier falls by about 0.5 kcalmol�1 when the 3-pyridyl
substituent is introduced. This corresponds to a particu-
larly high syn/anti ratio in DMSO, more pronounced than
in the other solvents examined, and this is reflected in the
unusually high slope of the Abraham plot, that is, greater
overall sensitivity to solvent variation. A plot of log(syn/
anti) for 1d against values for 3d in seven solvents at
298K (Table 1) has a slope of 1.18� 0.08. Likewise, for
1c and 3c a slope of 1.14� 0.04 is found (4 solvents).
There is no obvious explanation for this difference.


The differences in the activation entropies are
consistent with a rotation transition state which has less
freedom than the anti isomer but is similar to the syn
isomer in this respect. Given the difference in the solvent
dependence of the two rotations, it is reasonable to
assume that solvent ordering is the most important factor.
The small but significantly positive activation entropies
found in rotation about the C—N bond in amides and
thioamides1b were attributed to an increase in freedom
owing to desolvation of the rotation transition state, the
transition state being less polar than the reactants. The
small negative activation entropies associated with
syn!anti rotation in the present study must be related
to loss of internal freedom, since solvent effects (see
above) suggest that the syn rotamer is slightly more
solvated than the transition state. Low or near-zero
activation entropies are to be expected for rotations where
interactions between the solvent and the rotor group(s) are
inconsequential or are similar for the transition state and
both rotamers. This is the case for rotations in non-polar
solvents, as illustrated here by the data for 1c in benzene
and toluene.

Association constants


As shown by the IR spectroscopic and X-ray crystal-
lographic (for 1b) studies,8 the solid alcohols are
essentially in the syn form, favored by self-association.
In solution the association equilibrium is established very
rapidly but that between the anti and syn rotamers is
reached much more slowly. This means that the
association constant can be obtained from a single
sample by correlating the syn OH proton shift, (dOH)


syn,
with the analytical concentration of the syn rotamer, [S]o,
as determined from the analytical concentration of the
alcohol, [ROH]o, and the syn/anti ratio, R. Equations (1)
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and (2) are well-known.14,15


ðdOHÞsyn ¼ dS þ ðdSS � dSÞ
ð1 þ 8K2S�oÞ


1=2 � 1


ð1 þ 8K2½S�oÞ
1=2 þ 1


(1)


where [S]o¼R[ROH]o/(1þR). The shifts of the mono-
mer and of the dimer are dS and dSS, respectively. Because
of the low solubility of these alcohols in benzene we use
the approximation that dSS can be taken as the value, dSpy,
for hetero-association with pyridine, as detailed in a
previous paper.8


ðdOHÞsyn ¼ dS þ
ðdSpy � dSÞ


2½S�o
B� ðB2 � 4½S�o½py�oÞ


1=2
n o


(2)


where B¼ [S]oþ [py]oþ 1/K, K being the equilibrium
constant for hetero-association with pyridine in benzene.
The self-association constant, K2, is found by fitting the
experimental values of (dOH)


syn vs. [S]o to Equation (1).
With these assumptions, the association constants for 1c
and 1d in benzene at 298K are 2.53 and 2.28M�1,
respectively, very similar to those for the slightly less
encumbered 3,4-methylenedioxythiophene (MDOT) and
EDOT derivatives, 1a and 1b, 2.57 and 3.88M�1,
respectively.8


It is noteworthy that in no solvent except benzene and
the chlorohydrocarbons, dichloromethane and chloro-
form, is there any variation in the syn OH proton shift.
This clearly indicates that association is negligible in
hydrogen-bonding solvents. For the chlorohydrocarbons,
there are indications of weak association. In dichloro-
methane, as the concentration of the syn isomer falls from
0.097 to 0.008M the OH proton shift goes from 2.67 to
2.47 ppm. For chloroform the decrease on going from a
syn concentration of 0.095 to 0.005M is only 0.15 ppm.
Comparable data for benzene are 3.23 ppm at 0.078M syn
and 2.46 ppm at 0.004M (Supplementary Material
Tables S6–S8). As there is no way of estimating dSS in
these solvents it is not possible to determine the
association constants but it is clear that, unless dSS were
very much lower than in benzene, which seems unlikely,
they must be substantially smaller than for benzene. This
can be attributed to solvent interaction with the pyridyl
nitrogen.16


Systems where there is an observable interplay of
self-association and slow rotation are uncommon, but the
NH chemical shift of the Z form of (5-ethoxycarbonyl-
methyl-4-oxothiazolidin-2-ylidene)-1-phenylethanone in
chloroform falls as its concentration decreases when the
Z/E ratio drops upon slow equilibration.17 This is
consistent with a change from the Z form, able to form
intermolecular hydrogen bonds by self-association, to the
E form, which is stabilized by intramolecular hydrogen
bonds.

Copyright # 2007 John Wiley & Sons, Ltd.

CONCLUSION


In the solid state 2,2,4,4-tetramethyl-3-{2-[3,4-dialkoxy-
5-(3-pyridyl)thienyl}pentan-3-ols are predominantly or
completely associated,8 and go into solution as the syn
form which equilibrates to give a mixture with the anti
rotamer, in proportions which depend on the nature of
the solvent, the temperature and, in some cases, the
concentration. Rotation occurs at a rate which can be
followed by 1H NMR at room temperature, without
recourse to dynamic NMR, making it possible for the first
time to study rotation barriers in a very wide range of
solvents. The rate of rotation from the form with a ‘‘free’’
OH group is virtually solvent-independent, whereas in the
other direction it depends markedly on the hydrogen-
bonding character of the solvent, confirming previous
work on 2,2,4,4-tetramethyl-3-(2-thienyl)pentan-3-ols5


and 2,2,4,4-tetramethyl-3-(2-anisyl)pentan-3-ols.6 The
rationale of this result is that the solvation energy of
the rotation transition state is similar to, or slightly less
than, that of the rotamer with a ‘‘free’’ OH group, while
that of the intramolecularly hydrogen-bonded OH in the
other rotamer is much weaker.


We have measured activation entropies over excep-
tionally wide temperature ranges by combining direct
and dynamic NMR rate measurements. These are
strongly directional in hydrogen-bonding solvents, those
for anti!syn rotations being much more negative than for
the reverse reaction. Nevertheless, in no case, not even
for syn!anti rotation in non-polar aromatic solvents, can
the activation entropy be said to be zero. The popular
assumption that this is a valid approximation would
probably prove to be unfounded if rotation rates could be
measured over 100K rather than over 15-25K, as is often
the case.

EXPERIMENTAL


General methods have been described elsewhere.8


Precursor 2-(3-pyridyl)thiophenes, 2c and 2d, and the
derived alcohols, 1c and 1d, were prepared as for the
MDOT and EDOT analogues.8

Synthesis


2-(3-Pyridyl)-3,4-dimethoxythiophene, 2c. Yield
59%; mp 45 8C (Found: C, 59.7; H, 5.1; N, 6.3.
C11H11NO2S requires C, 59.71; H, 5.01; N, 6.33%). dC
57.3 (CH3), 60.4 (CH3), 95.3 (C5-th), 121.7 (C2-th),
123.4 (C5-py), 129.4 (C3-py), 133.7 (C4-py), 144.4
(C3-th), 147.8 (C2-py), 148.1 (C6-py) and 151.4 (C4-th);
dH 3.85 (s, CH3), 3.88 (s, CH3), 6.22 (s, H5-th), 7.29
(H5-py, J 0.9, 4.8, 8.0), 7.98 (H4-py, J 1.6, 2.3, 8.0), 8.49
(H6-py, J 0.3, 1.6, 4.8) and 8.94 (H2-py, J 0.3, 0.9, 2.3).
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2-(3-Pyridyl)-3,4-diethoxythiophene, 2d. Yield
60%; mp 328C (Found: C, 62.3; H, 6.1; N, 5.6.
C13H15NO2S requires C, 62.62; H, 6.06; N, 5.62%). dC
14.7 (CH3), 15.5 (CH3), 65.6 (CH2), 68.6 (CH2), 95.6
(C5-th), 121.5 (C2-th), 123.3 (C5-py), 129.7 (C3-py),
133.7 (C4-py), 143.7 (C3-th), 147.7 (C2-py), 147.8
(C6-py) and 150.6 (C4-th); dH 1.30 (CH3, J 7.0), 1.45
(CH3, J 7.0), 4.06 (CH2, J 7.0), 4.12 (CH2, J 7.0), 6.19 (s,
H5-th), 7.29 (H5-py, J 0.9, 4.8, 8.0), 8.01 (H4-py, J 1.7,
2.3, 8.0), 8.47 (H6-py, J 0.3, 1.7, 4.8) and 8.97 (H2-py, J
0.3, 0.9, 2.3).


2,2,4,4-Tetramethyl-3-{2-[3,4-dimethoxy-5-(3-
pyridyl)]thienyl}pentan-3-ol, 1c. Yield 36%; mp
128 8C; IR (cast/cm�1) 3330, 3497 (Found: C, 66.3; H,
8.1; N, 3.8. C20H29NO3S requires C, 66.08; H, 8.04; N,
3.85%). anti: dC 29.2 (CH3), 42.6 (Cq), 60.4 (CH3), 61.1
(CH3), 87.0 (COH), 118.4 (C5-th), 123.4 (C5-py), 128.7
(C2-th or C3-py), 128.8 (C2-th or C3-py), 133.3 (C4-py),
146.0 (C4-th), 147.4 (C2-py), 147.5 (C3-th) and 148.0
(C6-py); dH 1.18 (s, 6 CH3), 3.81 (s, CH3), 3.95 (s, CH3),
5.74 (s, OH), 7.29 (H5, J 0.7, 4.9, 8.0), 7.96 (H4, J 1.6,
2.4, 8.0), 8.48 (H6, J 0.7, 4.9) and 8.95 (H2, J 0.7, 2.4).


2,2,4,4-Tetramethyl-3-{2-[3,4-diethoxy-5-(3-pyri-
dyl)]thienyl}pentan-3-ol, 1d. Yield 29%; mp 100 8C;
IR (cast/cm�1) 3320, 3488 (Found: C, 67.5; H, 8.6; N,
3.4. C22H33NO3S requires C, 67.48; H, 8.49; N, 3.58%).
anti: dC 15.4 (CH3), 15.4 (CH3), 29.1 (CH3), 42.6 (Cq),
68.9 (CH2), 69.7 (CH2), 86.9 (COH), 118.7 (C5-th), 123.2
(C5-py), 128.3 (C2-th or C3-py), 128.9 (C2-th or C3-py),
133.1 (C4-py), 145.0 (C4-th), 147.0 (C3-th), 147.4
(C2-py) and 147.7 (C6-py); dH 1.14 (s, 6 CH3), 1.25
(CH3, J 7.0), 1.38 (CH3, J 7.0), 3.96 (CH3, J 7.0), 4.19
(CH3, J 7.0), 5.90 (s, OH), 7.25 (H5, J 0.8, 4.8, 8.0), 7.95
(H4, J 1.6, 2.3, 8.0), 8.43 (H6, J 0.2, 1.6, 4.8) and 8.96
(H2, J 0.2, 0.8, 2.3).


Determination of self-association constants and
rotation rates. To a known amount (10–20mg) of 1c
or 1d in an NMR tube was added 0.5ml of deuteriated
solvent. The tube was quickly sonicated or shaken to
dissolve the material and then placed in the NMR
spectrometer (Bruker AC 200). Ten to twenty single-scan
spectra were recorded at convenient time intervals over
about three reaction half-lives, and a final spectrum was
recorded after 10 half-lives or more. The syn/anti ratio
was determined by integration of suitable signals, with
the help of gNMR (version 4.1, Adept Scientific,
Letchworth, UK) in some cases. A plot of ln[%syn(t)
� %syn(1)] vs. time (t) gives the sum of the rate
constants, kglob, for the syn!anti and anti!syn rotations.
Rate constants are reproducible to �3%, activation
energies to �0.02 kcalmol�1. The standard deviation on
a single run is 1–3% of the rate constant (R� 0.995),
except for 1d in DMSO (5%, R¼ 0.985). Specimen
kinetic runs for 1d in three solvents are given in Tables

Copyright # 2007 John Wiley & Sons, Ltd.

S6-8. Activation energies for rotation are listed in Table 1.
New measurements were made on the equilibrium
composition of 3d at 298K in CD2Cl2, methanol, acetone
and DMF (Table 1).


To determine the association constants of 1c and 1d in
benzene the shift of the synOH proton was plotted against
[S]o and treated as in a previous paper


8 to obtain dS and K2


(see text). Data for 1c: dSpy¼ 6.507� 0.010 ppm; K¼
1.15� 0.01M�1; dS¼ 2.167� 0.008 ppm; K2¼ 2.53�
0.06M�1. Data for 1d: dSpy¼ 6.539� 0.011 ppm; K¼
1.11� 0.01M�1; dS¼ 2.340� 0.005 ppm; K2¼ 2.28�
0.03M�1.


Dynamic 1H NMR on 2,2,4,4-tetramethyl-3-
{2-[3,4-dialkoxy-5-(3-pyridyl)]thienyl}-pentan-3-
ols, 1c and 1d. The 1H NMR spectra of solutions of
2,2,4,4-tetramethyl-3-{2-[3,4-dialkoxy-5-(3-pyridyl)]thi-
enyl}pentan-3-ols, 1c and 1d, were recorded from 298 to
423K (DMSO), 418K (toluene, sealed tube) or 408K
(pyridine, sealed tube). Full line-shape analysis of the
tert-butyl (1c), methyl (1c) or pyridyl (1d) proton signals
by gNMR gives the exchange rate and the relative
concentrations of the two species from which rate
constants and rotation barriers (� 0.05–0.1 kcalmol�1)
are calculated. Temperature calibration and errors
associated with temperature uncertainties have been
discussed elsewhere.7b Full data for 1c in toluene,
pyridine and DMSO, and for 1d and 3d in DMSO are
given in Tables S1–5. Summary data on 3d have been
published.5b
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ABSTRACT: Carbon and secondary deuterium kinetic isotope effect (KIE) for three types of SN2 methyl transfer
reactions have been predicted theoretically at a DFT level in gas phase and in aqueous solution modelled by the PCM
continuum solvent model. No correlation between these isotope effects and geometrical features of the corresponding
transition states (TSs), force constants of the imaginary frequency or Gibbs free energies of the studied reactions has
been found. These findings suggest that comparative analysis of the magnitudes of the studied KIEs should be
constrained to interpretation of the TS localization on the reaction coordinate only in a series of very closely related
reactions. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: isotope effects; deuterium; nucleophilic substitution; DFT

INTRODUCTION


Kinetic isotope effects (KIEs) of atoms at different
positions within a molecule can provide details of the
transition state (TS) structure.1 Secondary a-deuterium
KIEs in particular should provide a very insightful and
convenient tool for studies of reaction mechanisms
because they are large and relatively easy to measure.2 A
majority of the studies were devoted to the influence of
either a substituent, or the solvent on the magnitude of
these KIEs. Present interpretation of these KIEs correlates
their magnitude with bond distances3 or looseness/
tightness of the corresponding TS.4 Despite the extensive
studies, there is no generally accepted way of relating
magnitudes of secondary a-deuterium KIEs to the TS
structure.5 Furthermore, our recent studies6 identified
problems with interpretation of KIEs on a model SN2
reaction. Therefore, the present studies were aimed at
determining if any generalization can be made about the
correlation between a TS property and the secondary
a-deuterium KIE, not within a series of closely related
reactants that differ in a substituent or within a series of
solvents, but for different classes of SN2 reactions.


Methyl transfer reactions play the key role in many
biological processes7 and their mechanisms are still

to: P. Paneth, Faculty of Chemistry, Technical
dz, Zeromskiego 116, 90-924 Lodz, Poland.
p.lodz.pl


7 John Wiley & Sons, Ltd.

the subject of much experimental and theoretical study.8


Enzymatic methylation of hydroxyl and carboxyl moie-
ties is catalyzed by O-methyltransferases;9 catechol
O-methyltransferase (COMT) is a ubiquitous enzyme
that catalyzes the transfer of the activated methyl group of
S-adenosyl-L-methionine to an oxygen atom of catechol
through a tight SN2-like TS.10,11 S-methylmethionine
(SMM), also called vitamin U, synthesized by Met
S-methyltransferase is a dimethyl sulphide precursor.12,13


Because of the importance of methyl transfer reactions
and evident voids in understanding of its biological role
we have decided to carry out our studies on chemical
models of these reactions. In particular, we have based our
calculations on the reactions that can serve as models for
the methyl transfer to SMM by considering the different
oxidation states of sulphur.

COMPUTATIONAL DETAILS


All calculations were carried out using the modified
Perdew–Wang single parameter method modified for
kinetics (MPW1K)14 which is a hybrid of Hartree–Fock
and DFT methods. The basis set employed was the
6-31þG(d,p) basis set15,16 where the 6-31G 16–24 basis set
was supplemented by single set of diffuse functions,25 a
set of d functions on heavy atoms, and a set of p functions
on hydrogen atoms.26
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Molecular geometries were fully optimized in the
gas phase and in aqueous solution, which was modelled
using the polarizable conductor continuum model27–29


(C-PCM). Partial atomic charges were obtained using the
CHelpG scheme.30 Bond orders were calculated using the
formalism introduced by Wiberg.31 Vibrational analysis
has been carried out to confirm identity of the stationary
points (3n�6 real vibrations in case of reactants and one
imaginary frequency corresponding to the desired
reaction coordinate in case of TS structures).


All quantum-mechanical calculations were done using
Gaussian03.32 Calculations of KIEs were performed
using our ISOEFF98 program.33 KIEs were obtained
from the complete Bigeleisen equation1 at 300K for the
transition from proximity complexes of both reactants to
the corresponding TS. Deuterium isotope effects were
calculated assuming full deuteration of a single group.
Carbon isotope effects were calculated for the
13C isotope.
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RESULTS AND DISCUSSION


Selected model reactions (1–3) comprise all possible
combinations of the charge flow from reactants to
product. The net charge on the reactants is þ1, 0 and
�1, for reactions 1, 2 and 3, respectively. Both directions
were studied. The reactions that are exothermic in the gas
phase are arbitrarily called forward reactions and labelled
with ‘f’.


Me3S
þ þ NMe3 ! Me2SþMeNþMe3 (1-f)


Me2SþMeNþMe3 ! Me3S
þ þ NMe3 (1-r)


Me3S
þ þ Cl� ! Me2SþMeCl (2-f)


Me2SþMeCl ! Me3S
þ þ Cl� (2-r)


MeS� þMeCl ! Me2Sþ Cl� (3-f)


Me2Sþ Cl� ! MeS� þMeCl (3-r)


Optimized geometries of all stationary points for
reactions 1–3 were obtained at the MPW1K/6-31þG(d,p)
level of theory in the gas phase and in aqueous solution
were modelled using the PCM continuum solvent model
with the electrostatic part represented by the COSMO
formalism.34 The main geometric parameters are col-
lected in Table 1. They include bond lengths to the central
carbon atom r(Ca—X) from the nucleophile (X——Nu)
and the leaving group (X——LG), bond lengths of the
carbon—hydrogen bonds (C—H), the valence angles
describing linearity of the nucleophilic attack n(Nu—
Ca—LG), and the location of hydrogen atoms attached to
the a-carbon atom in the TS n(LG—Ca—H). It should
be noted that two rows of Table 1 fully describe a reaction
in the typical chemical sense; the role of reactants
(substrates) and products reverses from the first row to the
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Table 2. Analysis of vibrational contributions to KIEs


Reaction KIE n
6¼
L /n


6¼
H n< 515 cm�1 515< n< 1900 cm�1 n> 1900 cm�1 All real n KIE


1f-s D3 1.0002 0.9883 0.9166 0.9953 0.7793 0.779
2r-g D3 1.0038 0.9678 1.4045 0.8122 1.1040 1.108
1f-s 13C 1.0343 0.9908 1.0424 0.9952 1.0278 1.062
1r-g 13C 1.0348 0.9967 1.0571 0.9956 1.0490 1.085
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second of a particular reactant as the nucleophile becomes
the leaving group and vice versa, while the TS is the same
for both directions.


Then(LG—Ca—H) angle allows one to classify a TS
as an early TS (n(LG—Ca—H) larger than 908),
symmetrical TS (n(LG—Ca—H) equal to 908) and late
TS (n(LG—Ca—H) smaller than 908). Wiberg bond
orders are listed for the breaking and forming Ca—X
bonds. Again, they can be used for the classification of the
TS. With the exception of reaction 2 in water, the same
information regarding the TS location on the reaction
coordinate is embedded in both the n(LG—Ca—H)
angles and the Ca—X bond orders, that is, the TSs
are early (n(LG—Ca—H) is smaller than 908 and
the Ca—LG bond orders larger than 0.5). Reaction 2 in
aqueous solution is the closest to thermo-neutrality and
therefore the TS structure is the most symmetrical one
with the n(LG—Ca—H) closest to 908 and the Ca—LG
bond order closest to Nu—Ca bond order. It should be
noted that this reaction in the gas phase is so exothermic
that the TS is calculated to be more stable than the
substrates. Furthermore, in all TSs the sum of Ca—LG
and Nu—Ca bond orders is less than unity.


Table 1 lists also the energetic results; the Gibbs
free energies of activation and the reaction Gibbs free
energies together with the secondary a-deuterium and
a-carbon KIEs for all the reactions studied. All secondary
deuterium KIEs in the exothermic direction are inverse,
that is, smaller than unity, indicating that the heavy
isotopomer reacts faster. For closely related reactions that
differ in solvent or a substituent, these isotope effects
usually correlate with geometric and energetic changes
upon going from reactants to the TS. However, it is not
known if such a correlation exists also for a series of
reactions as different as considered. It is frequently
assumed that inverse secondary deuterium KIEs originate
in bending vibrations since hydrogen atoms attached
to the central carbon atom are forced into the plane
perpendicular to the reaction coordinate although there
has been evidence to the contrary, what implicates that
KIEs often do not provide clear guidance regarding TS
structure.35 Until recently,6b it has been thought that
primary carbon isotope effects are due mainly to the
changes in stretching vibrations on the transition from the
reactants to the TS. In order to verify these assumptions
we have dissected contributions from different vibrational
modes to the isotope effects for the reactions. For this

Copyright # 2007 John Wiley & Sons, Ltd.

purpose, we grouped the vibrations following Truhlar’s
division into low, middle and high frequencies.36 In all
reactions studied contributions from these three groups
were qualitatively the same. In Table 2 the results for
largest and smallest deuterium and carbon KIEs are
collected.


The results collected in Table 2 indicate that the KIEs
of the studied reactions are dominated by vibrational
frequencies of the middle region. They correspond to
bond stretching modes that involve heavy-atom move-
ments and bending modes of C—H bonds. In case of
carbon KIEs inverse contributions originating in bending
vibrations (frequencies in the low group) and in stretching
vibrations that involve hydrogen atoms (frequencies in
the high group) are comparable and indicate that
stiffening of stretching modes is equally important as
forcing hydrogen atoms into the plane perpendicular to
the reaction coordinate. Deuterium KIEs are dominated
by changes in C—H bending modes.


In the literature, the magnitudes of KIEs in a series of
related reactions are usually correlated with such
geometric parameters as bond lengths of breaking and/
or forming bonds, their elongation in the TSs compared to
reactants, the corresponding bond orders or energetic
parameters. All these quantities are thought to correspond
to the position of the TS on the reaction coordinate. We
aimed our studies at finding out if such correlation holds
for different SN2 reactions. Figure 1 shows the relations
between the calculated deuterium and carbon (shown side
by side) KIEs and a number of such quantities. First three
rows show relationships between KIEs and energetic
parameters; the Gibbs free energy of activation, DG6¼ (A),
the Gibbs free energy of reaction, DGr (B) and their ratio
DG 6¼/DGr (C). Subsequently, corresponding relationships
between KIEs and the partial atomic charge on the leaving
group, dLG (D) (note that leaving group in the forward
direction is the nucleophile in the reverse direction) and
force constant of the imaginary frequency, F (E) are
given. Finally, the relationship between KIEs and bond
orders, n(LG—Ca) (F), and the LG—Ca—H angles
nLG—Ca—H (G) are listed. Since the Ca—H bond
lengths, r(Ca—H), the bond lengths of the breaking/
forming bonds, r(LG—Ca), their elongation, %
dr(LG—Ca) and bond orders, n(LG—Ca), are closely
related quantities and corresponding dependencies were
identical only the results for the latter are shown.
Normally one does not look for the relationship between

J. Phys. Org. Chem. 2007; 20: 1114–1120
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Figure 1. Relations between calculated KIEs and geometrical and energetic parameters (see text for discussion)
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the magnitude of a KIEs and the angle that is form by
a-hydrogen, central carbon and the first atom of the
leaving group or the nucleophile. This angle should,
however, be indicative of the position of the TS on the
reaction coordinate, reaching 908 in an idealized, totally
symmetric case (e.g. an identity reaction). Therefore,
we have included the relationship of the KIEs on this
angle.

Copyright # 2007 John Wiley & Sons, Ltd.

As can be seen, none of the relationships indicate any
systematic dependence across the reactions. Additionally,
Fig. 2 illustrates that there is no apparent correlation
between isotope effects of deuterium and carbon.


In each graph containing data on the carbon KIEs, there
are two outliners. These two points correspond to
reactions 1r in both gas phase (1r-g) and in aqueous
solution (1r-s). Large values of these isotope effects result
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from the very short C—C bond length in the reactant. In
both cases, this bond length is slightly shorter than 1.49 Å
while in all other reactants this bond length is about
1.79 Å. The variation of this isotope effect is, however, not
large, and, as we have shown earlier,6b cannot be solely
indicative of the type of the reaction and details of its
mechanism.

Copyright # 2007 John Wiley & Sons, Ltd.

CONCLUSIONS


The lack of any correlation between deuterium and
carbon KIEs calculated for a series of SN2 reactions that
differ in nature suggests that these isotope effects cannot
be taken as an indication of TS structure. Thus, their
application seems to be constrained to interpretation of
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the TS localization on the reaction coordinate in series of
closely related reactions.
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ABSTRACT: A limited series of 4eq-substitute
SnMe3) has been synthesized and diastereos
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d (X) 2-methyleneadamantanes (6, Y——CH2, X——F, Cl, Br, I, and
electivities for their hydrochlorination (HCl/CH2Cl2) have been


determined. Diastereoselectivities for the fluorination (DAST/CH2Cl2) of secondary alcohol mixtures, obtained
from the hydride reduction of the precursor ketones (6,Y——O) to the alkenes, have also been measured. A comparison
of this selectivity data for nucleophilic trapping of 4eq-substituted (X) 2-adamantyl cations (4, R——H and Me) with the
corresponding information for 5-substituted (X) 2-adamantyl cations (1, R——H and Me) has revealed important
distinctions between the two series. In particular, whereas extended hyperconjugative effects appear to be the
predominant electronic effect governing facial selectivity in the 5,2-series, electrostatic influences prevail in the
4,2-disposition. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/
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INTRODUCTION


The precise nature and significance of long-range
electronic effects governing diastereofacial selectivity
of additions to trigonal carbon centers remain a subject of
continuing inquiry and debate.1 Studies of model systems
in which the electronic factor is segregated from
complicating steric and conformational effects have
provided crucial insight into the problem. The most
widely deployed substrates of this kind are 5-substituted
(X) 2-adamantyl derivatives.2–4 Among these substrates
the most conspicuous examples of diastereoselectivity are
those reactions which are mediated by the formation of
secondary (R——H) and tertiary (R——Me) 5-substituted
(X) adamant-2-yl cations (1).2,3
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The p-facial selectivity has been ascribed to pre-
dominantly differential hyperconjugative effects induced
by the substituent at C5 determining the relative stability
of rapidly equilibrating pyramidalized anti(or E) and
syn(or Z) epimeric ions (2 and 3, respectively) prior to
rapid capture.2,3 However, the situation is not completely
defined as there is evidence that electrostatic effects may
also be a component of the electronic influence.5


More recently, extensive studies in the gas phase of
several of the tertiary ions (1, R——Me) have provided
insight into the intrinsic factors governing face selection
in these systems.6 These results coupled with quantum
chemical calculations highlight that the aforementioned
model of diastereoselectivity for the tertiary ions (1, R——
Me) is far from being unequivocal. In particular, the
apparent occurrence of many of these ions as a single
pyramidalized structure anti(2) and syn(3) for s-electron-
donating and -withdrawing substituents, respectively, in
the gas phase suggests that the intrinsic diastereoselec-
tivity of these cations is not influenced by an equilibrium
population of the two syn/anti invertomers. The observed
facial selectivity is a direct consequence of the different
space available to the incoming nucleophile on the anti
and syn faces of the pyramidalized cations (2 and 3,
respectively). Furthermore, a comparison of the gas
phase results with the solution data suggests that in the
latter medium diastereofacial selectivity of many of the
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tertiary ions (1, R——Me) may arise in part from the
differential solvation of the two faces of a single
pyramidalized ion.


In the light of the aforementioned evolving picture of
diastereoselectivity for 1 it is of interest to consider how
face selection in 2-adamantyl cations will be affected by
moving the substituent from the 5- to the 4-position (4 and
5). le Noble and co-workers2


pondered this question and perfunctorily dismissed
consideration of 5 since here the axial disposed group
will obviously affect stereochemistry in a steric way. In
the case of 4, the situation where the substituent is located
in the sterically unbiased equatorial position, they con-
cluded that a priori an answer cannot be unequivocally
provided since it is not self evident that the inductive
effect of a s-electron-withdrawing group on the donor
hyperconjugative ability of the C3—C4 bond with the
electron deficient center (C2) will be reduced, more or
less, than the extended (or double) hyperconjugative effect
of a 5-substituent (antiperiplanar electron-withdrawing
effect involving both the C3—C4 and C1—C9 donor
bonds with C2).3,7 Relevant to the above question are
solvolysis rate studies of 5- and 4eq-substituted (X)
2eq-adamantyl p-nitrobenzenesulfonates by Grob et al.8


which revealed that electron-withdrawing polar effects
are transmitted more effectively in the 5,2-disposition
compared to the 4,2. Consequently, a greater preference
for syn attack in 1 (R——H) than 4 (R——H) is observed.8


Interestingly, Kaselj and le Noble9 previously explored
the effect on facial selectivity of moving the substituent
from the 5- to the 4-position on the the hydride reduction
of some appropriately substituted (X)-2-adamantanones
(6 and 7,Y——O; X——F and Br). It was noted that
despite the substituent being closer to the stereoinductive
center in 6 and, therefore, with the possibility it might
have a greater perturbation than in 7, the observed
expected preference for syn addition in 6 was unexpect-
edly only slightly greater than that for 7. Moreover,
it was also found that the facial selectivity for the
reduction of 4eq,9eq-dibromoadamantan-2-one (E/Z¼ 86/
14) is not even twice that of a single bromine (6,Y——O;
X——Br. E/Z¼ 76/24). It was concluded largely by
default that the results probably highlight the importance
of extended hyperconjugation in the transition state
(TS) of 7.7

Copyright # 2007 John Wiley & Sons, Ltd.

However, a significant feature of the aforementioned
results not emphasized previously is that the rela-
tive preference for syn addition in 1 and 4(1>4) is
diametrically opposite to that for the reduction of the
ketones (6 and 7, Y——O; 6>7)! This strongly suggests
that other factors (possibly electrostatic effects)3,5


besides delocalized electrical effects must be influen-
cing diastereoselectivity in these systems as the trend is
inexplicable in terms of purely a TS hyperconjugative
model.1a Consequently, we were prompted to examine
further how face selection in 2-adamantyl cations will
be affected by having the substituent at the 4-(4) versus
the 5-position (1). We limited our investigation of
s-electron-withdrawing groups to the halogen series
since these particular substituents have similar electro-
static field constants (sF values)3 but vastly different
electronegativity parameters (sx values).10 Their value
lies in the fact that the pattern of induced diastereos-
electivities by the halogen subset reflects importantly
on the nature of the electronic effect governing
diastereoselectivity. If the selectivity order parallels
the sF values (F�Br�Cl � I) then through-space field
effects are dominant whilst an order that follows sx
values (F>Br>Cl> I) signifies dominant hypercon-
jugative effects (a function of the s-inductive pertur-
bation of C4 and C5 in 4,2- and 5,2-adamantyl
derivatives, respectively).3,5 To complete the substi-
tuent set we also included Sn(CH3)3, an electropositive
substituent with virtually no electrostatic field influ-
ence (sF � 0) but with a hyperconjugative effect on
diastereoselectivity in 1 opposite in direction to that of
the halogens.3b,6


Herein, we report the results of our study which
was essentially twofold. First, we wished to deter-
mine diastereoselectivities for the nucleophilic trap-
ping of the secondary and tertiary ions of 4 (R——H
and CH3, respectively) in order to make comparisons
with the corresponding data for 1. Second, in order
to provide information regarding the structure of
the possible syn(or Z) and anti(or E) epimeric ions of
4 we have carried out full geometry optimizations
at the B3LYP/6-31G� level of theory where X——F
and Cl.
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Table 1. Product distributions for the hydrochlorination
of 4eq- and 5-substituted (X)-2-methyleneadamantanes (6
and 7, Y——CH2; respectively)


X


CH2Cl2 NO2CH3


6 7a 6 7a


%E %Z %E %Z %E %Z %E %Z


F 7 93 10 90 6 94 0 100
Cl 6 94 17 83 15 85 3 97
Br 7 93 22 78 15 85 17 83
I 13 87 34 66 21 79 26 74


a Taken from References 3 and 5.
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EXPERIMENTAL


Synthesis of compounds and general
procedures for hydrochlorination and
fluorination


All the alkenes (6,Y——CH2) and ketones (6,Y——O) are
known compounds (X——F, Cl, Br, I, and Sn(CH3)3; see
Supplementary Material). Except for the tin ketone, all
were prepared essentially by literature procedures. Some
essential synthetic details together with general pro-
cedures (hydrochlorination, fluorination, reduction, and
methylation) are reported in the Supplementary Material.


The relative selectivity data listed in the various Tables
below are the average of determinations by several
methods (13C, 1H, and 19F NMR, VPC-MS, and VPC) and
are accurate to �3%.


Computational methods. The cation calculations
reported below were carried out at the B3LYP/6-31G�


level of theory utilizing the GAUSSIAN 98 program
package.11 Analytical frequency calculations were
performed on the minima and transition states of the
density functional theory (DFT) optimized cation
structures to determine zero-point vibrational energies
(ZPVE) and, as well, to ensure Nimag¼ 0 and 1 for the
minima and transition states. NBO analyses were
executed using the GAUSSIAN 98 program on several
of the epimeric cations of 1 and 4. The NBO approach is
described in detail by Weinhold and co-workers12 and no
detailed account is necessary here. Suffice to state that it is
useful methodology for estimating quantitatively the
energy of hyperconjugative effects by treating the
delocalizing interactions by a standard second-order
perturbation approach to provide so-called E(2) energies.

RESULTS AND DISCUSSION


Stereoselectivity


Hydrochlorination of alkenes (6, Y——CH2). Dias-
tereoselectivities (Z/E) for the hydrochlorination of 6
(Y——CH2, X——Halogens) in CH2Cl2 and NO2CH3 are set
out in Table 1. The corresponding values for 7 are also
listed in order to facilitate comparison. Unfortunately, the
protolytic instability of Sn(CH3)3 precluded a result for
this group. An examination of the data reveals that the
selectivity order (F�Br�Cl� I) for 6 essentially
parallels the sF values of the substituents.3 Moreover,
except for F, the facial selectivity decreases on going
from CH2Cl2 to NO2CH3 as solvent. This contrasts with
the general picture for 7 where facial selectivity exhibits
an electronegativity order (F>Cl>Br> I) and the
aforementioned solvent change increases the selectivity
for all the halogens. The overall pattern of results for 7 has

Copyright # 2007 John Wiley & Sons, Ltd.

been rationalized in terms of the relative stability of
equilibrated solvated epimeric cations (2Ð3; R——CH3)
being governed predominantly by differential hypercon-
jugation.5 Further, the solvent effect has been ascribed
to a mechanistic difference: intimate ion-pairs in
CH2Cl2 (e¼ 8.9) and free ions in NO2CH3 (e¼ 37.5).5


Alternatively, if only the solvated pyramidalized Z-cation
(3, R——CH3) exists then the observed selectivity will be a
function of the different physical space available to the
nucleophile in its approach to the asymmetric faces of the
distorted ion. In addition, differential solvation of the two
faces may also play a role.6


If we assume that a rapid equilibrium also exists
between the solvated E- and Z-cations of 4 (8Ð9, R——
CH3, respectively) then the observed selectivity order
(F�Cl�Br� I) suggests that their relative stability is a
consequence of differential electrostatic field effects. This
seems reasonable if the decreased donor capacity of the
C3—C4 bond by the s-inductive effect in the E-cation is
essentially compensated by a concominant increased
donor effect from the C1—C9 bond as a result of
enhanced electron demand at the reaction center (C2)13


(see calculations below).The destabilizing electrostatic
interaction between the C—X dipole and the delocalized
positive charge will clearly be greater in the E-cation than
the Z-cation because Coulombic repulsion


is maximized in the former ion due to the delocalized
positive charge (including that in the CH3 group) being
towards the polar C—X bond. Within this framework the
observed solvent effect noted above is probably a
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manifestation of the solvent encroaching on the space
between the C—X dipole and the reaction site. Hence, the
bulk dielectric of the medium impinges significantly on
the effective dielectric constant.14 An alternative expla-
nation in terms of the existence of a single solvated
Z-cation can also be advanced as above for 1.6


Fluorination of alcohols (10, Y——OH, Z——H and
Y——H, Z——OH). Product distributions for the fluorina-
tions (DAST/CH2Cl2) of mixtures of secondary alcohols
(10, Y——OH, Z——H and Y——H, Z——OH; E/Z�70/30, see
Supplementary Material) are set out in Table 2. It should
be noted that fluorination of the 4,2 tin-alcohol


mixture 10 (Y——OH, Z——H and Y——H, Z——OH; X——
Sn(CH3)3) did not yield any tin-fluorides. The only
product detected was 2,4-dehydroadamantane (see
Supplementary Material). The corresponding results for
the previously reported fluoride product mixtures from
similar fluorinations of 5,2-secondary alcohol mixtures
(E/Z�60/40) are also listed in Table 2 in order to facilitate
comparison. The latter clearly display an electronegativ-
ity order of facial selectivity in accord with the dominance
of extended hyperconjugation controlling the relative
stability of the rapidly equilibrating ions (EÐZ).7b By
contrast, but similar to the results above for the tertiary
ion (4, R——CH3), the selectivity pattern for trapping of
the secondary ion (4, R——H) parallels the electrostatic

Table 2. Product distributions for the fluorinationa of mix-
tures (E and Z isomers) of 4eq- and 5-substituted (X)
Adamantan-2-ols (10 and 11; Y——OH, Z——H and Y——H,
Z——OH, respectively)


X


10b 11c


%E %Z %E %Z


F 34 66 6 94
Cl 37 63 15 85
Br 36 64 19 81
I 35 65 35 65
Sn(CH3)3 0d 0d >98e Tracee


a DAST/CH2Cl2.
b See Table 1 (NaBH4) in the Supplementary Material for composition of the
secondary alcohol mixtures of 10 (Y——OH, Z——H; Y——H, Z——OH).
c Taken from Reference 5. Composition of alcohol mixtures (E/Z� 60/40).
d No substitution product detected only propellane formation. See
Supplementary Material.
e Fragmentation predominant.


Copyright # 2007 John Wiley & Sons, Ltd.

field-effect of the halogen substituents (F�Br�Cl� I).
Hence, it appears that differential electrostatic effects
appear to predominantly govern facial selectivity in the
secondary ions of 4 (R——H) as noted above for the
corresponding tertiary species 4 (R——CH3).


However, this interpretation is contingent on rapid
equilibration of the ions (EÐZ) prior to trapping by the
fluoride ion. This imperative requires that the pure
epimers yield identical product mixtures. Consequently,
in order to test this assumption we carried out
fluorinations of some of the pure epimeric alcohols
(10; E- and Z-fluoro and -bromo alcohols, see Table 3).
Most importantly, it can be seen that the product mixtures
from the pure alcohols within both series are not the same.
Previously,7b we noted this situation for the E- and
Z-bromo alcohols of 11 ((E)-Br and (Z)-Br, Table 3)
which agreed with the observations of le Noble and
co-workers15 for some other reactions mediated by
secondary 2-adamantyl cations when the 5-substituent
(X) is a good s-electron acceptor. In contrast, when the
5-substituent (X) is a s-electron donor (X——Si(CH3)3) the
epimeric alcohols give identical product mixtures.3,7 A
pertinent aspect of the data in Table 3 is the reverse
selectivity result (E> Z) for fluorination of 10 (Y——OH,
Z——H; X——F). We believe this highlights the significant
influence of extended hyperconjugation (coupling of the
n-orbital of F with the electron deficiency at C2 via
the C3—C4 s-bond; nF—sC—C—sþ) on the stability of 8
(R——H, X——F). In this ion the preferred stereoelectronic
requirement (antiperiplanarity of the participating orbi-
tals)16 for through-bond transmission is met but not in the
corresponding Z-cation. Noteworthy, is that this reson-
ance phenomenon does not appear to influence the
relative stability of the less electron demanding tertiary
cations (8Ð9, R——CH3; Table 1). It is worth noting that
this delocalized interaction involving fluorine as a
substituent has been invoked by Nelsen et al.17a and
Cieplak17b to explain the order of formal redox potentials
for oxidation and VIP parameters for 4eq-halogenated-
biadamantylidene and the unusual selectivity order for the
hydride reduction of 6 (Y——O, X——Halogens) utilizing
LiHAl(OC(CH3)3, respectively. However, it should be

Table 3. Product distributions for the fluorinationa of some
pure epimers of 4eq- and 5-substituted (X) adamantan-2-ols
(10 and 11; Y——OH, Z——H and Y——H, Z——OH, respectively)


X


10b 11


%E %Z %E %Z


(E)-F 54 46 12b 88b


(Z)-F 10 90 2b 98b


(E)-Br 36 64 27c 73c


(Z)-Br 17 83 10c 90c


a DAST/CH2Cl2.
b This study. Alcohols available from a previous study (Reference 6a).
c Taken from Reference 7b.
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Table 4. Calculated energies a,b and zero–point vibrational energies (ZPVE)b of 4-substituted (Xeq) 2-adamantyl cations (4; Z
and E, R——H and Me)


Systems Eelec ZPVE Eo
c Nimag DEo


d


R——H, X——H �389.820158 0.23131 �389.5934766 0 0
R——H, X——H(TS) �389.8175889 0.22082 �389.5913833 1e 1.31
Z(R——H, X——F) �489.048056 0.223498 �488.824558 0 0
ZÐE(TS) �489.04467 0.222885 �488.821788 1f 1.74
E(R——H, X——F) �489.045711 0.223472 �488.822239 0 1.46
Z(R——H, X——Cl) �849.408076 0.221945 �849.186131 0 0
ZÐE (TS) �849.403993 0.221352 �849.182641 1g 2.19
E(R——H, X——Cl) �849.405003 0.221887 �849.183116 0 1.89
Z(R——Me, X——F) �528.385582 0.251509 �528.134073 0 —
Z(R——Me, X——Cl) �888.745629 0.249896 �888.495733 0 —


a,b Calculations carried out at the B3LYP/6-31G� level of theory utilizing Gaussian 98. All the structures were fully optimized, and analytical frequency
calculations were performed on the minima and transition state to ensure Nimag¼ 0 and 1, respectively.
b Energies given in hartrees.
cEo¼EelecþZPVE.
d Energy differentials given in kcal/mol.
e y¼�296.12 cm�1.
fy¼�256.4 cm�1.
g y¼�264.2 cm�1.
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noted that the latter data are puzzling in the light of the
data from this study (see Table 1 and associated
comments in the Supplementary Material). Interestingly,
this intramolecular interaction (nX—sC—C�s�) appears
also to be significant in the neutral ground state as
reflected by various nmr parameters.18 In the extreme,
when electron demand is high, extended hyperconjuga-
tion can lead ultimately to fragmentation.19


Theoretical calculations. The B3LYP/6-31G�-computed
critical structures of the ions (1,R——H and 4,R——H
and CH3; X——F and Cl) are given in Table 4. The
calculation of the other ions (1, R——H, X——F; R——CH3,
X——F and Cl) of interest in this study were previously
reported in other investigations.6,20 To facilitate com-
parisons the corresponding results for 1 (R——H) are listed
in Table 5. After ZPVE corrections, only a single
zero-order critical structure has been identified on the
potential energy surfaces (PES) of the tertiary ions of 16

Table 5. Calculated energiesa,b and zero-point vibrational energi
R——H)


Systems Eelec ZPVE


Z(R——H, X——F) �489.0501095 0.22268
EÐZ (TS) �489.0429465 0.22247
E(R——H, X——F) �489.0436883 0.22268
Z(R——H, X——Cl) �849.4105028 0.22160
EÐZ (TS) �849.4052490 0.21921
E(R——H, X——Cl) �849.4066456 0.22144


a,b Calculations carried out at the B3LYP/6-31G� level of theory. All the structures
on the minima and transition state to ensure Nimag¼ 0 and 1, respectively.
b Energies given in hartrees.
cEo¼EelecþZPVE.
d Energy differentials given in kcal/mol.
e y¼�286.47 cm�1.
fy¼�230.61 cm�1.


Copyright # 2007 John Wiley & Sons, Ltd.

and 4 (R——CH3). The favored invertomer of the tertiary
ions is syn(or Z) (3 and 9; R——CH3). In contrast, two
zero-order critical structures have been found for the
secondary ions (1 and 4, R——H). The syn(or Z) ion is
favored in all cases (3; R——H). Relevant aspects of their
geometries are displayed in Table 22 of the Supple-
mentary Material. A pertinent feature is that the
electron-deficient center (C2) is pyramidalized to varying
degrees, dependent on electron demand, with the C2—H
and C2—CH3 bonds bent towards and away from the
substituent in the E and Z ions, respectively. A further
distortion is the concomitant tilting of the C1—C2—C3
bridge in the same direction as the C2—H and C2—CH3


bonds (not listed in Table 22 of the Supplementary
Material). These distortions allow for better overlap of
the Cþ orbital with the C1—C9 (and C3—C4) and
C1—C8 (and C3—C10) bonds in the E and Z conformers,
respectively. The significant lengthening of these particu-
lar bonds relative to the other C—C bonds on the opposite

es (ZPVE)b of 5-substituted (X)-2-adamantyl cations (Z and E,


Eo
c Nimag DEo


d


�488.8318851 0 0
�488.8249259 1e 4.37
�488.8254648 0 4.03
�849.1933338 0 0
�849.1906003 1f 1.72
�849.1896364 0 2.32


were fully optimized, and analytical frequency calculations were performed
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face in each invertomer is clearly another manifestation of
hyperconjugation. Also noticeable is the lower symmetry
of the 4-X ions (4) compared to the 5-X species (1; Cs).
This point is particularly exemplified by the NBO E(2)


energies of hyperconjugative interactions (C—C!C2þ)
in 1 and 4. Note that the donor effects in the latter system
of the four flanking C—C bonds are all different whereas
in the former only those on the opposite face in each
invertomer are different.


Although the calculations are for isolated molecules in
the gas phase, the finding that only one structural
minimum exists on the PES for the tertiary ions raises the
possibility that the relative reactivity of the two faces of a
single solvated ion may determine the stereoselectivity of
these systems in solution (see above).6 This is not the case
for the secondary ions where two minima have been
located. Interestingly, Tomoda et al.21 have recently
presented an excellent linear correlation (r2¼ 0.97)
between the calculated (HF/6-31G� level of theory)
energy difference between Z- and E-ions of 1 and the
observed stereoselectivities (ln(syn/anti))7b in support of
the idea that (p-facial selectivity of capture of 1 is
determined by the relative stability of rapidly equilibrat-
ing pyramidalized syn(or Z) and anti(or E) epimeric ions
(2 and 3, respectively) prior to rapid capture.2,3 It should
be noted that unlike the higher level B3LYP/6-31G�


calculations in this and other studies,6,20 the lower level
HF/6-31G� calculations locate two minima on the PES of
the 30 ions (1, R——CH3). Furthermore, the authors
assume incorrectly (see above) that the equilibration
ZÐE involving 20 ions (1, R——H) is complete for all
substituents.


A useful way of quantitatively describing electron
delocalization interactions is by the energies of the
second-order perturbation analysis of the Fock matrix
elements in the NBO basis (E(2)).12 Consequently, we
carried out an NBO analysis of the secondary and tertiary
ions of 1 and 4 (Z and E, R——H and Me; respectively) in
order to obtain E(2) values for the hyperconjugative

Table 6. Selected NBO E (2) energies (kcal/mol)a,b of hyperconjug


System C1–C8


1(Z; R——H, X——F) 29.03
1(E; R——H, X——F) 1.17
1(Z; R——H, X——Cl) 28.07
1(E; R——H, X——Cl) 1.17
1(Z; R——Me, X——F) 20.04
1(Z; R——Me, X——Cl) 19.48
4(Z; R——H, X——F) 26.27
4(E; R——H, X——F) 0.92
4(Z; R——H, X——Cl) 27.85
4(E; R——H, X——Cl) 0.92
4(Z; R——Me, X——F) 17.95
4(Z; R——Me, X——Cl) 18.97


a,b Only energies >0.5 kcal/mol are shown.
Parent ions (X——H, R——H): 27.03, 1.02, 1.02, 27.03. (X——H, R——Me): 18.18,
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interactions between the flanking C—C bonds and the
electron deficient center (C2). These parameters are set
out in Table 6. One of the more significant aspects of these
results is that the decreased donor capacity of the C3—C4
bond by the s-inductive effect in the E-cations of system 4
(R——H) is accompanied by a concominant increased
donor effect from the C1—C9 bond as a result of
enhanced electron demand at the reaction center (C2). On
the other hand, as expected, the donor effects of the
C3—C4 and C1—C9 bonds of the corresponding ions of
system 1 (R——H) are both reduced equally by extended
hyperconjugation. Thus, the calculations highlight an
important distinction between the substituent-induced
perturbations of hyperconjugative effects in the anti(or E)
epimeric ions of 1 and 4. The result clearly supports the
idea expressed above that this phenomenon is probably
responsible for differential electrostatic effects being the
apparent dominant factor governing facial selectivity in 4
(see subsection Hydrochlorination of Alkenes (6, Y——
CH2) above). A further pertinent observation is the
considerable reduction in the energy of hyperconjugative
interactions on reducing electron demand (cf. correspond-
ing interactions of 20 and 30 ions (R——H and CH3,
respectively).


Finally, by use of Eqn (1) we determined the relative
hydride affinities (kcal/mol) listed in Table 7. The results
exemplify the pronounced destabilizing effects of the
electron-withdrawing substituents on both ions (E and Z)
for each structure (1 and 4, R——H):


HAdþ þ XAdH ! HAdH þ XAdþ (1)


For each epimeric pair, the effect is more pronounced for
the E-cation in accord with expectations based on field
inductive/hyperconjugative effects. However, the signifi-
cantly larger influence for Cl versus F on corresponding
ions for each structure is puzzling. Noteworthy though is
the fact that the energy difference (kcal/mol) between the
E- and Z-ions of 1 (X——F, �3.98; X——Cl, �2.38) and 4
(X——F, �1.47; X——Cl, �1.92) roughly parallels the

ative interactions (C–C!C2þ) in 1 and 4


C1–C9 C3–C4 C3–C10


0.59 0.59 29.03
25.90 25.90 1.17
0.74 0.74 28.07


25.97 25.97 1.17
1.85 1.85 20.04
2.04 2.04 19.48
1.05 0.97 28.07


33.73 17.98 1.87
0.90 0.77 27.20


34.47 17.07 1.57
2.46 2.21 19.60
1.92 2.26 18.86


2.54, 2.54, 18.18.
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Table 7. Relative hydride affinities (DE)a,b of Some E- and
Z-Cations of 1 and 4(R——H)


Structure Epimer DE (kcal/mol)


1(X——F) E 7.88
1(X——F) Z 3.90
1(X——Cl) E 10.57
1(X——Cl) Z 8.19
4(X——F) E 6.62
4(X——F) Z 5.15
4(X——Cl) E 9.04
4(X——Cl) Z 7.12


aEffects of substituents on the energy (kcal/mol)of the following isodesmic
reaction: HAdþþXAdH!HAdHþXAdþ.
bEnergies calculated at the B3LYP/6-31G� level of theory
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observed stereoselectivities (see Table 2) given that the
equilibria (2Ð3 and 8Ð9, R——H) are probably
incomplete (see Table 3). It should be noted that the
differences between F and Cl in 1 and 4 are probably
manifestations of extended hyperconjugation in the
E-cations (2 and 8, R——H; sCX


�
—sC—C�sþ and


nF—sC—C�sþ, respectively).

CONCLUSIONS


The results of this study reveal a distinct difference in the
nature of the electronic factor of polar electron-withdrawing
groups governing facial selectivity in the nucleophilic
trapping of 5- versus 4eq-substituted (X)-2-adamantyl
cations (1 and 4, respectively). Whereas the selectivity
trend (Z/E) of the former ions for the halogen subset
parallels their electronegativies (F>Cl>Br> I), by
contrast, the corresponding values for the latter ions
mirror their polar field constants (sF; F�Br�Cl� I).3 A
significant feature of this result is that if transmission of
the polar inductive effect was predominantly via
successive polarization of the C—C bonds (s-inductive
effect),22 then one would have expected the selectivity for
4 to also have followed the electronegativity of the subs-
tituents. Clearly, differential electrostatic effects (through-
space) prevail here in determining the relative stability of
the equilibrating solvated ions (8Ð9) which govern the
facial selectivity of rapid nucleophilic trapping of 4.
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ABSTRACT: Three series of porphyrin liquid crystalline compounds, [5-(p-alkoxy)phenyl-10, 15, 20-tri-phenyl]
porphyrin and their rare earth complexes (Tb (III), Dy (III), Er (III), Yb (III)), with a hexagonal columnar discotic
columnar(Colh) phase have been synthesized. These compounds were characterized by elemental analysis, molar
conductances, UV-visible spectra, infrared spectra, luminescence spectra, and cyclic voltammetry. These compounds
exhibit more than one mesophases, which transition points of temperature change from �33.6 to 16.0 8C, and
transition points of temperature for isotropic liquid also increase from 4.9 to 38.2 8C, with increasing chain length.
Their surface photovoltage (SPV) response have also been investigated by the means of surface photovoltage
spectroscopy (SPS) and field-induced surface photovoltage spectroscopy (EFISPS). It was found that their SPV bands
are analogous with the UV-visible absorption spectra and derived from the same transition. Copyright # 2007 John
Wiley & Sons, Ltd.

KEYWORDS: porphyrins; lanthanide; liquid crystals; cyclic voltammetry; SPS and EFISPS

INTRODUCTION


Porphyrins, as a model hemoglobin, myoglobin, and
cytochrome P450, have been widely studied, because
of their interesting excited state, catalytic behavior,
and ubiquitous electron-transfer processes.1–4 While
their transition metal complexes have been extensively
investigated, fewer studies of rare earth porphyrin
complexes have been reported comparatively. The work
in this area is limited to specific NMR shift reagents,
heavy atom probes for electron microscopy and X-ray
structure determination, and agents for photodynamic
therapy et al.5–8 As we know, liquid crystalline system is
the combination of the ordered structure of a crystal phase
and the molecular mobility of an isotropic (liquid) phase,
which allow liquid crystal mesophases to self-correct
structural defects.9–11 Thus, they can exhibit electric or
magnetic responses and have potential application in the
field of electronic devices, that is, information sto-
rage.12–13 Porphyrins have been revealed to be a class of
fascinating liquid crystalline materials due to their
synthetic versatility, thermal stability, large p-electron
system, and photochemical properties.14 However, the
studies on porphyrin liquid crystal compounds, as well as
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their rare earth porphyrin complexes have focused on a
certain aspect property such as fluorescence, besides their
liquid crystallinity. In our lab, extensive efforts have been
to devoted this kind of porphyrins and their rare earth
complexes, some good results have been reported.15–17 In
this paper, we synthesized three series of porphyrin liquid
crystals whose structures are shown in Fig. 1, investigated
their surface photovoltage spectra (SPS), electrochemical
behavior, luminescence spectra, and liquid crystalline
properties.

RESULTS AND DISCUSSION


Luminescence spectra


Tables 1 and 2 give the excitation and emission spectral
data of the ligands and complexes. The quantum yields
(Ff) were calculated by the following equation:


Ff ¼
Ffs � n2 � As � If


n2s � A � Ifs


In the above equation, ns, As, and Ifs represent the
refractive index, absorbance, and integrated intensity of
standard sample at excited wavelength, respectively.
Meso-tetraphenylporphyrin zinc, ZnTPP was used as
standard sample, Ffs¼ 0.033.18
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Figure 1. Porphyrin liquid crystalline compounds: [5-(p-alkoxy)phenyl-10, 15, 20 -tri-phenyl]porphyrin(a), n¼ 11, 13, 15
correspond to 12L, 14L, 16L, respectively; [5-(p-alkoxy)phenyl-10, 15, 20-tri-phenyl ] porphyrin lanthanide complex(b), n¼ 11,
13, 15; Ln¼Yb, Er, Dy, Tb, correspond to 12ErOH, 12DyOH, 12TbOH, 14YbOH, 14ErOH, 14DyOH, 14TbOH, 16YbOH, 16ErOH,
16DyOH, 16TbOH, respectively


Table 2. Emission spectral data of ligands and complexes
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Two fluorescence bands S2 (B, Soret band) and S1 (Q
band) are observed in porphyrin complexes, which are
attributed to transition from the second excited singlet
state S2 to ground state S0, S2!S0 and S1! S0 of Q band
emission, respectively. The Soret fluorescence is about
two orders of magnitude weaker than the S1!S0 of Q
band emission. Its quantum yield is very low and
sometimes, it becomes unobservable. In our experiment,
this fluorescence emission can not be observed at room
temperature at excited wavelength, 420 nm. Soret bands
in three ligands and eight complexes are split into two
bands, as compared with their UV-visible absorption
spectra. Other spectral bands undergo only a small
change. Q (0–0) fluorescence bands of the complexes are
in the region 600–606 nm, while Q (0–1) fluorescence
bands of the complexes in the region 651–655 nm and
Q (0–2) bands 712–720 nm, see Fig. 2. They are mirror
symmetric to the absorption spectra. Quantum yields (Ff)
of Q band for the complexes are in the range
0.0007–0.2067 and ligands 0.09508–0.2098. Obviously,
the quantum yields of complexes are much less than those
of ligands.


As we know, the S1!S0 quantum yield depends on
the relative rates of the radiative process S1!S0 and

Table 1. Excitation spectral data of ligands and complexes


Compounds Peak values(l per nm)


12L 408 431 519 548 594
14L 405 431 518 549 593
16L 417 428 515 552 592
12YbOH 410 430 520 554 589
12ErOH 418 437 517 558 592
12DyOH 419 515 557 592
12TbOH 419 519 554 590
14YbOH 416 426 519 556 591
14ErOH 411 430 516 549 589
14DyOH 418 437 516 556 585
14TbOH 415 430 511 554 589
16YbOH 419 514 552 593
16ErOH 419 518 553 593
16DyOH 415 431 516 551 594
16TbOH 415 427 517 552 594


Copyright # 2007 John Wiley & Sons, Ltd.

two radiationless processes S1 S0 and S1 Tn.
According to the known result, the fluorescence quantum
yields of the porphyrin complexes are low.18 Therefore, in
our experiment, because the spin forbidden
process S1 Tn plays a predominant role in radiation
absent deactivation of S1 in porphyrin complexes, the
fluorescence quantum yields of complexes are much less
than 0.21.18

Surface photovoltaic spectroscopy (SPS) and
electric field-induced surface photovoltaic
spectroscopy (EFISPS)


The surface photovoltage spectroscopy technique, as
a very sensitive characterization method to detect the
change of charge distribution on functional semiconduc-
tor surfaces, is related to electron transition processes,
caused by light absorption. So it can directly reflect the
properties of photogenerated charge separation and

(lex¼420 nm)


Compounds


Peak values (nm)


Quantum
yields(Ff)Q(0–0) Q(0–1) Q(0–2)


12L 604 653 717 0.1255
14L 605 653 716 0.09508
16L 603 654 712 0.2098
12YbOH 604 655 716 0.0008
12ErOH 604 651 718 0.0205
12DyOH 605 653 715 0.0308
12TbOH 603 652 720 0.0787
14YbOH 600 654 717 0.0172
14ErOH 606 654 716 0.0157
14DyOH 603 652 716 0.0261
14TbOH 603 653 716 0.0312
16YbOH 606 652 719 0.0740
16ErOH 606 652 713 0.2067
16DyOH 603 653 712 0.1409
16TbOH 603 653 718 0.0478
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Figure 2. Emission spectra of 12L (. . .. . .) and 12TbOH (–) at
room temperature in CHCl3
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charge transfer. Its sensitivity is up to 108 q cm�2, or about
one elementary charge per 107 surface atoms, increasing
by several orders of magnitude, compared with the X-ray
photoelectron spectroscopy.19


The SPS and EFISPS of the ligand 12L and its complex
12 ErOH are presented in Fig. 3. Their photovoltaic spec-
tral bands are given in Table 3. The photovoltaic spectra of
the ligand and complexes are similar to their UV-visible
spectra, even the shape and the numbers of Soret andQ bands
do not change. Therefore, it is deduced that the same
electron transition processes occurred in both spectra.


Porphyrin molecule is a conjugated p bonding system,
in which p-orbitals are analogous to energy band of
organic semiconductor, and p�-orbital to the conduction
band. Photogenerated charge carriers in p system are
nonlocalized, their motion is free in the valence band,
the same as those photogenerated electrons in the
conduction band. In this kind of system, the band to
band transition is characterized as a p–p� transition. The
band at 300–400 nm is named as P band, corresponding to
the higher energy level transition, b2u(p)! eg(p


�), while
Q and Soret bands are due to a2u(p)! eg (p�) and a1u
(p)! eg (p�) transitions, respectively.20 The P band is
transition from NHOMO (the next highest occupied

Table 3. Spectral bands of SPS and EFISPS of the compounds


Compounds External field voltage(V) P band


12L 0 326
0.0313 328
0.0625 330
0.125 332


�0.0313 328
�0.0625 324
�0.125 326


12ErOH 0 364
0.125 363
0.25 362


�0.125 362
�0.25 360


Copyright # 2007 John Wiley & Sons, Ltd.

molecular orbital) to LUMO (the lowest unoccupied
molecular orbital), while the Q and Soret bands arised
from the coupling of the two transitions between the
HOMO (the highest occupied molecular orbital) and
LUMO.20


By comparison of the spectral peaks of the 12L
compound in Figs. 3(a) and (b), some change of
‘simultaneous response’ in the positive or negative
electric field intensity was observed. The surface
photovoltaic (SPV) response exhibits positive in positive
electric field and negative in negative field. This kind of
simultaneous response to the electric field can all be
assigned to p–p� transitions. However, the variation rates
of Soret and Q bands, with an increase in the positive or
negative electric field intensity are noticeably different.
Since the common upper energy level transition in the p
system is p�(eg), the difference mainly stems from the
lower energy levels. Briefly, the lower energy levels of
these transitions are at different depths of the valence
band, resulting in different photogenerated hole diffusion
lengths. The response of the Q band is induced to a
positive electric field. When employed in a negative
electric field, the photogenerated electrons in the
conduction band diffuse towards the bulks, thus, increase
the probability of recombination with photogenerated
holes, whereas diffusion lengths are shortened, leading to
decreasing of the SPV response, even reversal. Compar-
ing the SPS and EFISPS of 12L and 12ErOH, it is found
that the SPV response of 12ErOH is different from that of
the free ligand 12L, which shows the decrease of the
peaks. Symmetric increase of the complexes is supposed
to cause this phenomenon. In the meantime, the
photovoltaic action spectra follow the absorption spectra
response well, indicating that they are derived from the
similar electron transition process.


Liquid crystals


Small-angle X-ray diffractions of 16L and 16DyOH have
been measured at room temperature. The d-spacing of

Maximum peaks(lmax per nm)


Soret(B) band Q band


430 516 550 595 649
429 518 552 591 649
428 516 551 591 652
429 519 550 591 651
425 520 547 592 650
430 517 551 588 652
428 518 552 592 652
424 552 588
425 548 580
424 518 551 589
425 518 553 583
423 518 550 583
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Figure 3. SPS and EFISPS of 12L and 12ErOH (a): SPS of 12L (b): EFISPS of 12L (c): SPS of 12ErOH (d): EFISPS of 12ErOH
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16L are d100¼ 45.5 Å, d110¼ 38.4 Å, and d200¼ 23.0 Å,
respectively, while those of 16DyOH are 45.3, 27.1 and
22.6 Å. The ratios of the d-spacing, 1:1/H3:1/2, are
characteristic of a hexagonal columnar phase (Colh).
Their wide-angle X-ray diffraction both gave a broad
peak, each centered at 2u¼ 20 8, which is derived
from the molten alkyl chains. The X-ray diffraction
results of other compounds are similar to those of 16L and
16DyOH.


The transition temperatures and enthalpies of the
porphyrin ligands and their complexes are given in
Table 4. The liquid crystalline phase of all compounds
were characterized by differential scanning calorimetry
(DSC) and the optical texture was observed by viewing
the birefringence of the sample between crossed
polarizers in a polarizing microscope. The DSC data of
complexes are summarized in Fig. 4. Figure 5 shows the
birefringence texture for 16TbOH and 16L. From Table 4
and Fig. 4, more than one mesophases were found in
these compounds. The complexes exhibited a systematic
variety in their liquid crystalline, that is, the transition
points of temperature tend to room temperature with
increasing chain length (from �33.6 8C for 12ErOH
to 16.0 8C for 16YbOH), and the transition points of
temperature for isotropic liquid increase with increasing

Copyright # 2007 John Wiley & Sons, Ltd.

chain length (from 4.9 8C for 12ErOH to 38.2 8C for
16TbOH). This advantage may have potential application
for this kind of porphyrin crystalline liquids in the future.

EXPERIMENTAL SECTION


General methods


Infrared spectra were recorded on a Nicolet 5PC-FT-IR
spectrometer, using KBr pellets in the region 400–
4000 cm�1. UV-visible spectra were recorded on a
Shimadzu UV-240 spectrophotometer in the range
350–700 nm using chloroform as solvent. 1H NMR
spectra were recorded in deuterated chloroform using a
Varian-Unity-400 NMR spectrometer and employing
tetramethylsilane (TMS) as internal reference. Molar
conductances of 10�3mol dm�3 chloroform solution, at
25 8C were measured on a DDX-111A conductometer.
Elementary analysis was measured by a Perkin-Elmer
240C auto elementary analyzer. Optical microscopical
properties were observed by a XinTian XP1 (CCD:
TOTA-500 II) polarized light microscope, equipped
with a variable temperature stage (Linkam TMS 94).
Transition temperatures and heats of fusion were
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Table 4. Phase transition temperatures and enthalpy change of the porphyrin
compounds


Compounds        


/°C a


H/(kJ/mol) 


T


C b 
- 3 1 . 5 


1.1 
D c 


- 1 5 . 5 


24.1 
12L I d 


C 
- 9 . 7 


0.9 
D 1 


-1.7 


0.4 14L D 2 
-4.3 
20.7 


D 3 
2 0 . 5 
1.9 


I 


C 
- 4 . 5 


0 . 4 
D 1 


4.2 


5.4 
16L D 2 


17.3 
24.1 


D 3 
3 1 . 0 
1.6 


I 


C 
- 3 3 . 6 


10.7 
D 1 


- 1 8 . 1 


19.2 
D 2 


4 . 9 
48.6 12ErOH I 


C 
- 2 6 . 1 


26.9 
D 


1 0 . 7 


38.8 
I 12DyOH 
  


C 
- 2 5 .3 


2 1 .5 
D 


2 0 .3 


1.5 
I 12TbOH 
  


C 
- 7.5


16.0
D 1 


7.1


2.6 
D 2 14YbOH 


19.3 
0.8 


D 3 
25.1 
1.5 


I 


C 
- 3.7


30.0
D 1 


6.9


7.6 
D 2 14ErOH 


16.9 
10.8 I 


C 
- 11.1


3.2
D 1 


18.3


1.7 
D 2 14DyOH 


26.5 
15.1 I 


C 
- 8.3


4.1
D 1 


3.5


1.6 
D 2 14TbOH 


15.1 
0.8 


D 3 
32.5
0.2 


I 


C 
1 6 . 0 


45.7 
D 


3 5 . 4 


15.2 
16YbOH I 


C 
14.9


2.7
D 1 


18.6


2.9 
16ErOH D 2 


30.8 
12.1 


I 


C 
12.4


9.9
D 1 


28.8


9.1 
16TbOH D 2 


38.2 
0.4 


I 


a Heating rate 10 8Cmin�1. b C¼ crystal. c D¼ discotic mesophase. d I¼ isotropic liquid.
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determined at scan rates of 10 8Cmin�1 by DSC,
using a NETESCH DSC 204. Fluorescence spec-
tra at room temperature in the region 300–800 nm,
using 10�5mol dm�3 chloroform as solvent were
measured by FS920 Steady State Fluorescence Spec-
trometer. Excitation wavelength is at 420 nm. X-ray
diffraction was recorded by a Shimadzu XRD-6000.
Redox potentials of the porphyrins (10�3M) in dried

Copyright # 2007 John Wiley & Sons, Ltd.

DMF, containing 0.1M TBAP as a supporting electrolyte
was determined at room temperature by cyclic voltam-
metry, using a three-electrode system under deaerated
conditions and a CHI 600A electrochemical analyzer.
Surface photovoltage spectroscopy was measured with a
solid junction photovoltaic cell (ITO/Sample/ITO), using
a light source-monochromator-lock-in detection tech-
nique. All reagents and solvent were of commercial
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Figure 4. Differential scanning calorimetry of ligands and
compounds. Black, solid phase; white, mesophase; gray,
isotropic
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reagent grade and were used without further purification
except DMF and CH3CN. DMF was pre-dried over
activated 4 Å molecular sieves and vacuum distilled
from calcium hydride (CaH2), prior to use. The
dry CH3CN was obtained by re-distillation from CaH2


in a glovebox.

Preparation of compounds


16L. [5-(P-hydroxy)phenyl-10, 15, 20-tri-phenyl]porphyrin
(HPTPP) was prepared by general procedure.21 The HPTPP
(500mg, 0.8mmol) and 1-bromohexadecane (1221mg,

Figure 5. Optical texture of (a) 16TbOH


Copyright # 2007 John Wiley & Sons, Ltd.

4mmol) were heated in a DMF, under the protection and
stirred by a dry nitrogen stream for 2.5 h. The crude product
was purified by column chromatography (silica gel, CHCl3).
The title compound was obtained as a purple solid (560mg,
0.6mmol, yield 82%). UV/vis (CHCl3) (10


�4 eM�1 cm�1):
419 (10.2), 516 (0.40), 551 (0.28), 590 (0.20), 647 (0.15)
nm; IR (KBr): 3313, 2927, 2855, 1581, 1467, 1349, 1250,
978 cm�1; Anal. Calcd. for C60N4H62O: C 84.31, H
7.26, N 6.56, Found: C 84.39, H 7.20, N 6.61. Molar
conductance value (MCV) (CHCl3, 25 8C,V


�1 cm2mol�1):
0.14 (nonelectrolyte).12 UV-visible in CHCl3, 20 8C, lmax/
nm [lg (e/dm3mol�1 cm�1) in parentheses]: 419 (5.00), 516
(3.59), 551 (3.34), 590 (3.25), 647 (3.17). 1H NMR:
8.89ppm, 8H, pyrrole ring; 7.26–8.22ppm, 19H, meso-
phenyl protons; �2.78, ppm N—H; 0.89–0.87 ppm,
3H, CH3; 1.26–1.98ppm, 28H, CH2; 3.64–3.39 ppm,
2H, CH2.


16TbOH. A mixture of 16L (300mg, 0.35mmol)
and TbCl3�6H2O (262mg, 0.7mmol) in imidazole
(1.0� 104mg) was heated at 210 8C, under the protection
and stirred by a dry nitrogen stream for 2 h. The extent of
the reaction was monitored by measuring the UV-visible
spectra of the reaction solution at 10 min intervals. After
cooling the reaction mixture to 100 8C, 150ml distilled
water was added, 200ml chloroform was then added. The
solution was shaken with 100ml 0.1% aqueous AgNO3,
until no obvious AgCl was observed. The mixture was
purified by column chromatography (neutral aluminum
oxide, ethanol). The title compound was obtained as a
purple solid (306mg, 0.3mmol, and yield 85%). UV/vis
(CHCl3, 10


�4 eM�1 cm�1) 423 (14), 516 (0.6), 551 (1.0),
591 (0.6) nm; IR (KBr): 3432, 2925, 2580, 1575, 1466,
1078, 1329, 1243 cm�1, Anal. Calcd. for TbC60N4H61O2:
C 70.00, H 5.93, N 5.44, Found: C 69.96, H 5.92,
N 5.45. Molar conductance value (MCV) (CHCl3, 25 8C,
V�1 cm2mol�1) 0.080 (nonelectrolyte). UV-visible
in CHCl3, 20 8C, lmax/nm [lg (e/dm3mol�1 cm�1) in
parentheses]: 423 (5.15), 516 (3.76), 551 (3.99), 591
(3.78). 1H NMR (CDCl3): 8.8 ppm, 8H, pyrrole ring;
7.27 ppm, 19H, meso-phenyl protons; 0.76–0.89 ppm,

at 37.9 8C and (b) 16L at 20.3 8C
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3H, CH3; 1.24–1.80 ppm, 28H, CH2; 4.09 ppm, 2H, CH2;
0.20 ppm, 1H, —OH.


There are similar preparation methods and results for
the other lanthanide complexes.


The molar conductance values of the ligand 12L and its
complexes of 12YbOH, 12ErOH, 12DyOH, and 12TbOH
are at 0.124, 0.018, 0.020, 0.048, and 0.076, respectively.
Those of the ligand 14L and its corresponding complexes
are at 0.129, 0.070, 0.072, 0.055, and 0.050, respectively.
Those of the ligand 16L and its corresponding complexes
are at 0.140, 0.028, 0.073, 0.048, and 0.080, respectively.
It indicates that the ligands and all complexes show
nonelectrolytic behavior.22


The porphyrin ligands 12L, 14L, 16L, and 14TbOH
exhibited first and second reduction peaks are at E1/2¼
�1.582, �2.094; �1.581, �2.076, and �1.580, �2.068V
versusAg/Agþ, respectively. The corresponding potentials
for the porphyrin ring reaction in 14TbOH are at E1/


2¼�1.776, �2.150V versus Ag/Agþ. Besides, the third
reversible reduction of 14TbOH, concerning Tb3þ is at
�1.345V versus Ag/Agþ. Obviously, the three porphyrin
ligands 12L, 14L, and 16L exhibit two redox steps at close
potentials, implying that the redox potentials do not change
with the variation of the chain length (n¼ 11, 13, 15).
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ABSTRACT: The regio- and stereoselectivity of some Paternó–Büchi reactions are studied within a density functional
framework with B3LYP exchange-correlation energy functional and 6-31G�� basis set. It is shown that although in
most cases the Minimum Polarizability and the Maximum Hardness Principles (MPP and MHP) successfully predict
the major oxetane products of these reactions, but in all of the considered reactions, with no exception, the main
products have the lesser electrophilicity values than the minor isomers, and therefore the Minimum Electrophilicity
Principle (MEP) correctly predicts the most stable stereoisomer of the reaction. Copyright# 2007 John Wiley & Sons,
Ltd.

KEYWORDS: cycloaddition reaction; Paternó–Büchi reaction; oxetane; maximum hardness principle; minimum


polarizability principle; minimum electrophilicity principle; density functional

INTRODUCTION


Although the Paternó–Büchi reaction,1 that is the
photocycloaddition of ketons and aldehydes to olefins
(Scheme 1), discovered nearly one century ago, but it is
also a topic of studies.2–12 As it is shown in Scheme 1,
different regioisomers of oxetane can be formed
depending on whether O atom in the excited carbonyl
group makes a bond with the C1 or C2 atom of the ene
molecule. Mechanistic studies13–16 have shown that there
are two distinct mechanisms for this reaction, depending
on the electron density at the ene molecule. For
electron-rich olefins, addition generally proceeds through
attack of the n-p� carbonyl compound (singlet or triplet)
on ground state olefin. The triplet additions appear to
involve a long-lived biradical with time for bond rotation
before ring closure,17 but short-lived biradical which
produce in singlet addition has no sufficient time for bond
rotations.18 In the other hand, for electron-deficient
olefins the addition involves attack of the singlet excited
carbonyl on the ene, which can react stereospecifically to
give oxetane. But the experimental results show that the
product ratios are not always simply predicted from the
stability of the intermediate radicals.


The elucidation of the rules which govern intermole-
cular energy transfer is one of the most pressing and
fascinating problems in organic chemistry. During the
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past few years many attempts have been made to
introduce new concepts, which are related to stability or
reactivity of molecules. Prominent among these are the
electronic chemical potential,19 hardness20 and polariz-
ability, whose analytical and operational definitions are
given as follows:


m ¼ @E


@N


� �
yð~rÞ


ffi � IP þ EA


2
(1)


h ¼ @2E


@N2


� �
yð~rÞ


ffi IP � EA


2
(2)


ah i ¼ 1


3
ðaxx þ ayy þ azzÞ (3)


where IP and EA are the first vertical ionization energy
and electron affinity, respectively, and axx, ayy, and azz


are the diagonal elements of polarizability tensor.
Following Janak’s theorem,21 these parameters can be
approximated in terms of the energies of HOMO and
LUMO molecular orbitals as:


m0 ffi "L þ "H


2
(4)


h0 ffi "L � "H


2
(5)


Based on these concepts some principles are found in
computational chemistry. Two commonly used of these
principles are the Maximum Hardness Principle
(MHP)22–26 and the Minimum Polarizability Principle
(MPP).27 According to these principles, hardness and
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Scheme 1. A general representation of the considered photocycloaddition reaction
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polarizability are indices of stability or reactivity and the
preferred direction of a chemical reaction is toward
greater hardness and lesser polarizability. A formal proof
of the MHP was given by Pearson and Chattaraj,24 which
relied on the constancy of both the external and chemical
potentials. These conditions will put heavy constraints on
the applicability of MHP. Although Sebastian28 tried to
show that the proof is in error, but 1 year later he reported
some error in his used examples.29 This principle was also
proved by using variational principles.30 A constructive
discussion on MHP is collected by Geerlings et al.31 in a
review article. Since these principles were proposed,
numerous calculations32–37 have been carried out to
verify these principles; but in some cases38–41 they were
somewhat broken down.


Parr et al.42 have proposed electrophilicity index as a
measure of energy lowering due to the maximal electron
flow between donor and acceptor. They defined electro-
philicity index as:


v ¼ m2


2h
ffi ðIP þ EAÞ2


4ðIP � EAÞ (6)


Using Janak’s approximation,21 this relation has the
following form:


v0 ffi ð"L þ "HÞ2


4ð"L � "HÞ
(7)


The usefulness of this quantity as a stability descriptor
has been demonstrated by many authors43–48 and its
utility has been documented in a comprehensive review
article.49 Some authors considered the variation of
electrophilicity along the reaction path.50,51 Recently
Noorizadeh and Maihami52 showed that the major
product of a Diels–Alder reaction has always less
electrophilicity than the minor product and therefore,
they have claimed that the electrophilicity index can be
used as an indicator for regioselectivity in this reaction. It
is also shown that for those exothermic chemical
reactions in which the number of moles decreases or at
least remains constant, the most stable species (products)
have the lowest sum of electrophilicities. Therefore it is
concluded that It seems that there is a tendency in atoms
to arrange themselves so that the obtained molecule
reaches the minimum electrophilicity. This rule is called
the Minimum Electrophilicity Principle (MEP).

Copyright # 2007 John Wiley & Sons, Ltd.

In the present study we apply the MHP, MPP, and MEP
to interpret the regio- and stereoselectivity in some
Paternó–Büchi reactions and compare the validity of the
old principles (MHP and MPP) with the new one (MEP)
in the considered reactions.

COMPUTATIONAL DETAILS


Equilibrium geometries for the products of different
Paternó–Büchi reactions (79 stereoisomers) were
obtained by full optimization within a density functional
framework (B3LYP exchange-correlation energy func-
tional53–56) and using the most popular basis sets,
6-31G��. Vibrational frequencies were also calculated
for optimized structures in order to check if there was a
true minimum. For each structure zero-point energy
(ZPE) correction had been taken into account in
calculating the energies. Polarizabilities were evaluated
using Eqn (3). The values of the electronic chemical
potential and the chemical hardness were obtained by
using Janak’s approximation from the one-electron
energies of the HOMO and LUMO frontier molecular
orbitals (Eqns (4) and (5)). With these quantities at hand,
the global electrophilicity was calculated for each
molecule using Eqn (7). The electronic chemical
potential, hardness and electrophilicity values were also
calculated for each oxetane molecule using vertical
ionization potential and electron affinity energies (Eqns
(1), (2), and (6)). To compute these parameters we only
need to do a geometry optimization on the neutral
molecules (N-electron system), plus single point calcu-
lations on the cation (N� 1) and anion (Nþ 1) forms of
the molecule at the neutral geometry. All the calculations
were performed with the GAUSSIAN 98W program.57

RESULTS AND DISCUSSION


A number of Paternó–Büchi reactions between three
simple carbonyl compounds (formaldehyde, acetalde-
hyde, and acetone) and seven olefins (A¼1,3 butadiene;
B¼1,3 pantadiene; C¼hydroxy ethylene; D¼methoxy
ethylene; E¼ ethoxy ethylene; F¼1-methoxy 1-butene,
and G¼1,2 dihydro furane), which are shown in
Scheme 2, are considered in this study. As it was
mentioned, two different regioisomers are expected for

J. Phys. Org. Chem. 2007; 20: 514–524


DOI: 10.1002/poc







Scheme 2. The considered Paternó–Büchi reactions in this study
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each reaction (B molecule, i.e. 1,3 pantadiene has
possibilities of four different kinds of product formation),
but the predominant oxetane product is that resulting from
attack at the more highly substituted double bond.58


Therefore, the first oxetane in each reaction is the
experimentally major regioisomer4,58–62 in the presented
scheme. These regioselectivities found agree well with
the polarization of the carbonyl group in its n-p� excited
state63 and correspond to the general finding that
electron-deficient alkenes react with triplet ketons to
yield head-to-head adducts, while electron-rich alkenes
lead to head-to-tail adducts.


To study the stereoselectivity of these reactions from
theoretical point of view, the structures of different
possible stereoisomers of the oxetane products (79
isomers) which are shown in Fig. 1 are considered here.
According to the photochemistry rules and molecular
orbital interactions,64 it is expected that in the reactions of

Copyright # 2007 John Wiley & Sons, Ltd.

acetaldehyde with olefins, the stereoisomers in which
both of the substituents on the carbon of carbonyl and C2
atom of olefins are on the same side of ring (A6, B10,
B16, B17, C6, D6, E6, F10, F11, and G3) are more
favored than the trans isomers (A5, B9, B15, C5, D5, E5,
F9, F12, and G5). All of the stable isomers in Fig. 1 are
bolded. Structures of different stereoisomers were
optimized and some parameters were calculated for each
isomer. The obtained frontier molecular orbital energies
(HOMO and LUMO) and polarizability values, with the
calculated hardness and electrophilicity by using Janak’s
approximation (Eqns (5) and (7)) for these stereoisomers
are gathered in Table 1. In this table, the lesser
polarizability, greater hardness, and lesser electrophilicity
values for each reaction are bolded to check the validity of
the MPP, MHP, and MEP in prediction of the major
product of a reaction. The failed principles are also given
in the last column of the table. From the obtained results it
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Figure 1. The considered stereoisomers in this study


Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 514–524


DOI: 10.1002/poc


MEP IN PHOTOCYCLOADDITION FORMATION OF OXETANES 517







Figure 1. (Continued)
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Figure 1. (Continued)
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is found that nearly for most of the reactions (with six
exceptions) the MPP is valid. Since the calculated
polarizability is very sensitive to the quality of the basis
set,38 it seems that these exceptions may arises from the
weakness of the used basis set (6-31G��) and therefore the
implementation of a larger basis set should minimize
errors due to basis set incompleteness.


In contrast with the MPP, two other principles (MHP
and MEP) are not so successful in predicting the major

Copyright # 2007 John Wiley & Sons, Ltd.

products of the considered Paternó–Büchi reactions and
nearly in all cases are failed. This difficulty may arise
from the Janak’s approximation, which seems to be
inadequate in calculating the electrophilicity and hard-
ness of these isomers. Therefore to remove this difficulty,
the hardness and electrophilicity values for each oxetane
were recalculated by using the ionization potential and
electron affinity of the corresponding molecule (Eqns (2)
and (6)), which are collected in Table 2. The results show
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Table 1. Calculated frontier molecular orbital energies, polarizability, hardness, and electrophilicity values for different
regioisomers of the considered reactions, using B3LYP/6-31G


�� method and the Janak’s approximation


Molecule eH eL a h0 v0 Failed principle


A1 �0.24516 0.01982 53.272 0.13249 0.04791 MEP, MHP
A2 �0.24448 0.01309 52.994 0.12879 0.05197
A3 �0.24416 0.0208 64.131 0.13248 0.04707 MEP, MHP
A4 �0.24362 0.0218 64.348 0.13269 0.04637
A5 �0.24253 0.0143 64.381 0.12843 0.05068
A6 �0.24247 0.0131 63.635 0.12777 0.05148
A7 �0.24256 0.02197 74.685 0.13227 0.04599 MEP, MHP
A8 �0.24042 0.01354 74.531 0.12698 0.05067
B1 �0.23515 0.02752 66.016 0.13134 0.04103 MEP
B2 �0.24164 0.02169 65.575 0.13167 0.04593
B3 �0.24326 0.01961 64.547 0.13144 0.04757 MEP, MHP, MPP
B4 �0.24374 0.01775 53.734 0.13075 0.04883
B5 �0.24337 0.00928 65.303 0.12633 0.05422
B6 �0.24296 0.00883 64.828 0.12590 0.05443
B7 �0.23594 0.01385 79.184 0.12489 0.04937 MEP, MHP
B8 �0.23381 0.02980 77.144 0.13181 0.03947
B9 �0.23927 0.02283 77.124 0.13105 0.04468
B10 �0.23987 0.02156 76.235 0.13072 0.04558
B11 �0.24236 0.02082 75.308 0.13159 0.04662 MEP, MHP, MPP
B12 �0.24105 0.02234 75.150 0.13170 0.04541
B13 �0.24172 0.01863 74.326 0.13015 0.04780
B14 �0.24201 0.01969 74.821 0.13085 0.04722
B15 �0.24102 0.01533 75.214 0.12818 0.04967
B16 �0.24070 0.01404 74.567 0.12737 0.05042
B17 �0.24092 0.01021 75.844 0.12557 0.05299
B18 �0.23312 0.03001 87.528 0.13157 0.03919 MEP, MHP
B19 �0.23786 0.01677 87.500 0.12732 0.04799
B20 �0.23997 0.02233 85.553 0.13115 0.04515 MEP, MHP, MPP
B21 �0.24103 0.01999 84.830 0.13051 0.04680
B22 �0.23906 0.01444 85.507 0.12675 0.04976
B23 �0.23938 0.00991 86.384 0.12465 0.05281
C1 �0.25684 0.07834 36.8103 0.16759 0.02377 MEP, MHP, MPP
C2 �0.24590 0.05858 37.0207 0.15224 0.02881
C3 �0.25522 0.07743 47.7013 0.16633 0.02376 MEP, MHP, MPP
C4 �0.25488 0.08042 47.5303 0.16765 0.02270
C5 �0.24366 0.06333 47.9237 0.15349 0.02648
C6 �0.24455 0.05973 47.5703 0.15214 0.02807
C7 �0.25321 0.07071 57.9742 0.16195 0.02571 MEP, MHP, MPP
C8 �0.24192 0.06119 57.9754 0.15155 0.02694
D1 �0.25662 0.09166 48.129 0.17414 0.01953 MEP, MHP
D2 �0.24631 0.06966 48.051 0.15798 0.02469
D3 �0.25513 0.09552 58.970 0.17532 0.01817 MEP, MHP
D4 �0.25585 0.09713 59.266 0.17646 0.01786
D5 �0.24354 0.07813 58.836 0.16084 0.02126
D6 �0.24399 0.07395 58.559 0.15897 0.02274
D7 �0.25442 0.09141 69.614 0.17293 0.01921 MEP, MHP
D8 �0.24162 0.07415 68.949 0.15789 0.02221
E1 �0.25521 0.09462 59.431 0.17492 0.01843 MEP, MHP
E2 �0.24532 0.07186 59.267 0.15859 0.02372
E3 �0.25402 0.09704 70.233 0.17552 0.01755 MEP, MHP
E4 �0.25236 0.09711 70.336 0.17474 0.01724
E5 �0.24181 0.07623 69.720 0.15912 0.02156
E6 �0.24193 0.07297 69.315 0.15745 0.02266
E7 �0.25306 0.09199 80.973 0.17253 0.01880 MEP, MHP
E8 �0.23972 0.07538 79.926 0.15755 0.02143
F1 �0.25505 0.08501 69.310 0.17003 0.02126 MEP, MHP
F2 �0.25579 0.08463 69.153 0.17021 0.02151
F3 �0.24399 0.07468 69.556 0.15934 0.02249
F4 �0.24327 0.07156 69.057 0.15742 0.02341
F5 �0.25383 0.08911 80.207 0.17147 0.01978 MEP, MHP, MPP
F6 �0.25211 0.08407 80.023 0.16809 0.02100


(Continues)
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Table 1. (Continued)


Molecule eH eL a h0 v0 Failed principle


F7 �0.25628 0.08056 79.877 0.16842 0.02292
F8 �0.25429 0.08808 80.277 0.17119 0.02017
F9 �0.24161 0.08145 80.313 0.16153 0.01985
F10 �0.24163 0.07593 80.137 0.15878 0.02162
F11 �0.24237 0.07233 79.902 0.15735 0.02297
F12 �0.24074 0.07797 80.001 0.15936 0.02078
F13 �0.25115 0.08291 90.534 0.16703 0.02119 MEP, MHP
F14 �0.25476 0.07901 90.657 0.16689 0.02314
F15 �0.23970 0.07419 90.545 0.15695 0.02182
F16 �0.24019 0.07176 90.382 0.15598 0.02274
G1 �0.25801 0.08185 53.6543 0.16993 0.02283 MEP
G2 �0.24943 0.08243 54.0777 0.16593 0.02101
G3 �0.25568 0.07971 64.3313 0.16770 0.02308 MEP
G4 �0.25611 0.08694 64.6881 0.17153 0.02086
G5 �0.24442 0.08867 65.0183 0.16655 0.01821
G6 �0.24795 0.08670 65.1323 0.16733 0.01942
G7 �0.25392 0.07809 74.9083 0.16601 0.02328 MEP
G8 �0.24341 0.08413 75.5807 0.16377 0.01936


The major isomers are bolded. All values are in a.u.
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that by using these more accurate relations, only in four
cases the MHP is broken down (C and E molecules with
acetone, F molecule with all of the carbonyl compounds);
whereas surprisingly in all reactions, with no exception,
the MEP is valid and this principle correctly predicts the
main product of each reaction. In fact in all reactions, the
experimentally observed predominant products are
consistently associated with lower values of electro-
philicity and it seems that the MEP is the most successful
principle in the study of a Paternó–Büchi reaction. Again
the failure of MHP in some cases may arises from the

Table 2. Calculated vertical ionization energy, electron affinity, ha
the considered reactions, using B3LYP/6-31G


�� method


Molecule IE EA


A1 0.32939 0.10597
A2 0.33282 0.10085
A3 0.32522 0.10613
A4 0.32477 0.10650
A5 0.32656 0.10053
A6 0.32741 0.09808
A7 0.32101 0.10489
A8 0.32221 0.09661
B1 0.31475 0.10753
B2 0.32008 0.10315
B3 0.32463 0.10261
B4 0.32572 0.10044
B5 0.32811 0.09498
B6 0.33641 0.09335
B7 0.31482 0.10286
B8 0.31132 0.10839
B9 0.31249 0.09170
B10 0.31602 0.10066


Copyright # 2007 John Wiley & Sons, Ltd.

weakness of the used basis set and the difference between
the chemical potentials of the compared molecules;
because as it is mentioned in the introduction section, the
constancy of chemical potential is one of the conditions of
MHP. But these difficulties are not seen in electrophilicity
because as it was shown in our previous paper,52 this
index is not so dependent to the selected basis set and the
obtained trend for the electrophilicities of a given series of
molecules does not vary with the change in the used basis
set. In the other hand, the results show that the cis
stereoisomer of each oxetane has lesser electrophilicity

rdness and electrophilicity values for different regioisomer of


h v Failed principle


0.11171 0.21210
0.11598 0.20269
0.10954 0.21232
0.10913 0.21304
0.11301 0.20175
0.11467 0.19735
0.10805 0.20984
0.11280 0.19439
0.10361 0.21514
0.10846 0.20644
0.11101 0.20554
0.11264 0.20154
0.11657 0.19195
0.12153 0.18996
0.10598 0.20576
0.10146 0.21702
0.11039 0.18499
0.10768 0.20154


(Continues)
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Table 2. (Continued)


Molecule IE EA h v Failed principle


B11 0.32089 0.10329 0.10880 0.20671
B12 0.31951 0.10401 0.10775 0.20809
B13 0.32066 0.10069 0.10998 0.20178
B14 0.32094 0.10123 0.10986 0.20280
B15 0.32252 0.09998 0.11127 0.20052
B16 0.32264 0.09775 0.11245 0.19645
B17 0.33283 0.09273 0.12005 0.18857
B18 0.30849 0.10707 0.10071 0.21433
B19 0.31099 0.09400 0.10850 0.18896
B20 0.31612 0.10255 0.10679 0.20518
B21 0.31761 0.10005 0.10878 0.20044
B22 0.31749 0.09609 0.11070 0.19315
B23 0.31911 0.09166 0.11373 0.18546
C1 0.35718 0.15393 0.10163 0.32131
C2 0.34484 0.13691 0.10397 0.27904
C3 0.34706 0.14800 0.09953 0.30781
C4 0.34649 0.15049 0.09799 0.31504
C5 0.33645 0.14008 0.09818 0.28911
C6 0.33960 0.13366 0.10297 0.27189
C7 0.34086 0.13642 0.10222 0.27857 MHP
C8 0.33119 0.13193 0.09963 0.26910
D1 0.34888 0.16178 0.09355 0.34843
D2 0.33635 0.14281 0.09677 0.29656
D3 0.34273 0.16008 0.09132 0.34605
D4 0.34372 0.16161 0.09106 0.35054
D5 0.32872 0.14664 0.09104 0.31026
D6 0.33449 0.14112 0.09668 0.29246
D7 0.33839 0.15273 0.09283 0.32479
D8 0.32446 0.13746 0.09350 0.28525
E1 0.34385 0.16002 0.09192 0.34526
E2 0.33265 0.14171 0.09547 0.29462
E3 0.33838 0.15720 0.09059 0.33888
E4 0.33543 0.15941 0.08801 0.34779
E5 0.32383 0.14020 0.09182 0.29316
E6 0.32752 0.13758 0.09497 0.28472
E7 0.33437 0.15032 0.09202 0.31911 MHP
E8 0.31999 0.13651 0.09174 0.28393
F1 0.34310 0.14850 0.09730 0.31048 MHP
F2 0.34281 0.14675 0.09803 0.30561
F3 0.32847 0.14300 0.09274 0.29962
F4 0.32670 0.13906 0.09382 0.28904
F5 0.33758 0.15048 0.09355 0.31828 MHP
F6 0.33507 0.14586 0.09461 0.30561
F7 0.34144 0.14072 0.10036 0.28957
F8 0.33656 0.14708 0.09474 0.30861
F9 0.32180 0.14352 0.08914 0.30363
F10 0.32384 0.13841 0.09272 0.28809
F11 0.32857 0.13476 0.09691 0.27690
F12 0.32008 0.14099 0.08954 0.29677
F13 0.33192 0.14245 0.09474 0.29692 MHP
F14 0.33578 0.13683 0.09948 0.28067
F15 0.31782 0.13296 0.09243 0.27480
F16 0.31873 0.13118 0.09378 0.26983
G1 0.34803 0.14865 0.09969 0.30933
G2 0.33563 0.15473 0.09045 0.33229
G3 0.34239 0.14314 0.09964 0.29578
G4 0.34151 0.15038 0.09557 0.31649
G5 0.32682 0.15173 0.08755 0.32698
G6 0.33010 0.15292 0.08859 0.32919
G7 0.33681 0.13836 0.09923 0.28444
G8 0.32220 0.14421 0.08899 0.30555


The major isomers are bolded. All values are in a.u.
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than the trans form of the molecule and therefore are the
major stereoisomers for the considered reaction; which is
in accordance with the photochemistry rules. It is also
mentioned that for those cases in which all of the
considered principles are valid, the same stereoisomers
are introduced as the stable and major products of that
reaction. For example, in the reaction of 1,3 butadiene
(A molecule) with acetaldehyde all principles predict the
A6 as the major isomer of the reaction.


Therefore we have claimed that at equilibrium, a
system attempts to arrange its electronic structure to
generate species with the lesser electrophilicity so that
more stable isomers correspond to lesser electrophilicity
values. To generalize this principle, its validity is
checking in some other organic reactions in our research
group.

CONCLUSION


Although the MPP and MHP are not always successful in
predicting the major product of a photocycloaddition
reaction of a carbonyl group with an olefine (Paternó–
Büchi reaction), but the results suggest that not only the
MEP is able to predict correctly the regioselectivity
during a photocycloaddition reaction, but also success-
fully predicts the major stereoisomer of such reaction.
Therefore we have claimed that at equilibrium, a system
attempts to arrange its electronic structure to generate
species with the lesser electrophilicity so that more stable
isomers correspond to lesser electrophilicity values.
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ABSTRACT: We have designed a Malachite Green leuconitrile carrying a long-alkyl-chain which controls micelle
formation photochemically. The Malachite Green derivative, when ionized photochemically, exhibits some hydro-
philicity by its triphenylmethyl cation and some hydrophobicity by its long alkyl chain. The behavior of the
photoresponsive Malachite Green surfactant was studied in mixed micelle solutions containing cetyltrimethylam-
monium chloride (CTAC) and a small quantity of the Malachite Green. We found that UV irradiation drastically
decreased the critical micelle concentration (cmc) of the mixed micelle solutions and that the Malachite Green
derivative realized photoinduced uptake of oily substances based on its photogenerated amphiphilicity. The
mechanism of the photoinduced enhancement of solubilizing oily substances is discussed at the viewpoint of the
microscopic location of the Malachite Green surfactant in the micelle. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: micelle; photocontrol; photoresponsive compound; Malachite Green

INTRODUCTION


Surfactants, which contain hydrophilic and hydrophobic
moieties, spontaneously form assemblies, such as
micelle, mono- and multi-layers, liposomes, and reversed
micelle. In an aqueous environment, control of the
assemblies can be achieved by shifting the hydrophilic
and hydrophobic balance. For instance, the control can be
done by adding electrolytes, switching pH, and changing
temperature. Alternatively, if surfactants contain a
suitable chromophore, then photoirradiation can be used
as an external trigger, eliminating the need for the
composition or temperature changes. Therefore, several
classes of photoreactions which can cause a shift in the
hydrophilic/hydrophobic balance have been reported.
Typical photosensitive surfactants, which contain an
isomerizing group, such as azobenzene and stilbene, in
the hydrophobic chain or the headgroup, undergo cis/
trans isomerization and lead to a change in the packing of
the assemblies and the resulting disruption.1–10 Figure 1
shows the photochemical reaction of the surfactant
containing azobenzene moiety, which is synthesized by
Kunitake et al. The steric change in the hydrophilic chain
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ersity, Faculty of Systems Engineering, Sakae-dani
640-8510, Japan.
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is provided by photoirradiation.7 The cis/trans isomer-
ization also has been applied to the so-called ‘gemini-
surfactants’ which caused the photoinduced change in
assemblies.11–13 The second type of photoreaction
leading to destabilization of the assemblies is photolysis.
Cleavage reactions between hydrophobic and hydrophilic
moieties should result in the spontaneous destabilization
of assemblies. Photolysis of benzylammonium lipid, as
shown in Fig. 2, has been found to induce headgroup
cleavage.14 The third type of photoreaction, which we
focus on in this review, involves a change in the
hydrophilicity of the head group. The reaction may
involve photoionization of head group as illustrated in
Fig. 3, or may represent more modest changes in polarity.
Triphenylmethanenitriles and spiropyrans afford the third
type of compounds which generate electric charges on
photoirradiation. Long-alkyl-chain spiropyrans have been
synthesized by several groups and investigated in mixed
mono-layers on water and glass substrates.15–18 In
contrast, few studies have been carried out on the
surfactant containing triphenylmethanenitrile moiety.
Triphenylmethanenitrile undergoes photoionization by
dissociating cyanide ion with a high quantum effi-
ciency,19,20 thus affording a positive charge generation on
the molecule by UV irradiation. Fukunishi et al.21 have
reported that a long-alkyl-chain Malachite Green which
does not carry cyanide group is not a photoresponsive

J. Phys. Org. Chem. 2007; 20: 802–809







Figure 1. Photochemical reaction of surfactant containing
azobenzene moiety7


Figure 3. Photoresponsive surfactant which undergoes
changes in head group polarity
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surfactant. We have designed a Malachite Green
leuconitrile possessing a bis(monoaza-15-crown-5) struc-
ture, which shows a drastic change, so-called
‘all-or-none’ type switching, in the cation binding upon
photoionization (Fig. 4).22–24 The electrostatic repulsion
between the photogenerated positive charge and a
crown-complexed metal ion results in an effective release
of the metal ion. The photocontrol of complexation
indicates that the generated positive charge is an efficient
trigger to control the properties. This prompted us to
apply Malachite Green leuconitrile to an amphiphilic
compound and we have recently reported that a
long-alkyl-chain Malachite Green leuconitrile (LMG)
undergoes photoionization and that it exhibits hydro-
philicity by its triphenylmethyl cation and hydrophobicity
by its long-alkyl-chain (Fig. 5).25,26 Consequently, the
Malachite Green generates an amphiphilicity on the
lipophilic compound by photoirradiation. A typical
absorption-spectral change of a LMG solution before
and after photoirradiation is shown in Fig. 6. An
absorption peak around 270 nm, which was decreased
by UV irradiation, can be assigned to the electrically
neutral leuconitrile form of LMG. Its ionized form was
confirmed by the appearance of a peak at 610 nm after UV
irradiation, indicating the photoinduced ionization of
LMG.


Since the third reaction, that is, photoionization at the
head group, is expected to cause a drastic change in the
hydrophilic and hydrophobic balance, it can be an
effective approach to alter the character of assemblies.
Accordingly, the photoresponsive surfactant can trigger to
change the property of the whole assemblies, being
so-called ‘command compound’ which affords more
sophisticated systems. The idea was proposed by

Figure 2. Photochemical reaction of benzylammonium
lipid14
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Ichimura et al.27,28 and they represented ‘command
surface system’ by liquid crystal aligned by azobenzene
mono-layer. By cis/trans isomerization of an azobenzene
compound on the substrate, alignment changes of the bulk
liquid crystals took place. In such a system, there was no
need of photosensitive liquid crystals and then conven-
tional liquid-crystalline molecules can be applied for
changing the property.


This review is concerned with the photoresponsive
‘command compound’ in micelle aggregation. We
discuss the possibility of LMG to command micelle
formation as compared with the other system. We also
mention the mechanism for triggered micelle aggregation
by LMG.

PHOTOCHEMICAL CHANGE IN CRITICAL
MICELLE CONCENTRATION


Critical micelle concentration (cmc) is minimum surfac-
tant concentration to form micelle and then indicates the
property of the micelle aggregation. The cmc determi-
nation is often performed by measuring the electric
conductivity of sample solution. The specific conductivity
increased linearly with surfactant concentration and the

Figure 4. Photochemical control of cation binding by bis-
crowned Malachite Green leuconitrile
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Figure 5. Photochemical reaction of long-alkyl-chain Mala-
chite Green (LMG)


Figure 7. Specific conductivity of 0.1mol dm�3 acetate
buffer solution containing CTAC and 1�10�5mol dm�3


LMG as a function of CTAC concentration under dark
conditions (a) and after UV irradiation (b). (Taken from
Ref. 25)
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slope of the conductivity curve changes abruptly at a
certain concentration. The cmc values correspond to the
bending point on the conductivity curve.29 Figure 7 shows
the dependence of specific conductivity of a mixed
micelle solution containing LMG and cetyltrimethylam-
monium chloride (CTAC) prepared by 0.1 mol dm�3


acetate buffer on CTAC concentration. LMG is a

Figure 6. Absorption-spectral changes of 0.1mol dm�3


acetate buffer solution containing 4.0mmol dm�3 CTAC
and 1.0�10�5mol dm�3 LMG under dark conditions and
after UV irradiation for 15min. The arrows denote changes
by photoirradiation. (Taken from Ref. 26)


Copyright # 2007 John Wiley & Sons, Ltd.

functionalized compound and CTAC is a conventional
surfactant.


Under dark conditions, the cmc was found to be
0.6 mmol dm�3 (Fig. 7a), which is smaller than a reported
value (1.3 mmol dm�3) for CTAC.30 Since addition of
electrolytes such as NaCl generally diminishes cmc
values of surfactants,30,31 the smaller cmc value was
caused by acetate ion in buffered sample solutions. The
effect of acetate ion on the cmc explains the increased
cmc in the samples prepared by 0.01 mol dm�3 acetate
buffer solution (Fig. 8a). In the diluted buffer solution, the
cmc was found to be 0.8 mmol dm�3 which is closer to the
reported value of 1.3 mmol dm�3. UV irradiation causes
obvious changes in the cmc (Fig. 7b). The cmc was
shifted from 0.6 to 0.1 mmol dm�3 by photoirradiation
and the cmc change was caused by 1.0� 10�5 mol dm�3


LMG. The photoinduced change in the cmc was not very
significant in 0.01 mol dm�3 acetate buffer solution,
where the cmc was 0.8 mmol dm�3 under dark conditions
and 0.6 mmol dm�3 under UV-irradiated conditions
(Fig. 8). In order to investigate whether the photoinduced
change of the cmc is remarkable and therefore whether
LMG can be the ‘command compound’, let us compare it
with other types of photoresponsive surfactants. Sakai
et al.10 reported a cmc change of 4-butylazobenzene-
40-(oxyethyl) trimethylammonium bromide which under-
goes cis/trans isomerization and the cmc was found to be
2.7 mmol dm�3 for trans isomer and 8.2 mmol dm�3 for
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Figure 8. Specific conductivity of 0.01mol dm�3 acetate
buffer solution containing CTAC and 1� 10�5mol dm�3


LMG as a function of CTAC concentration under dark
conditions (a) and after UV irradiation (b)
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the cis isomer. Tazuke et al.32 have measured the surface
tension of the surfactants containing a spiropyran moiety
at head group. Though the exact value of the cmc for the
spiropyran surfactant was not given, the data of surface
tension indicate a difference of less than 0.1 mmol dm�3


in the cmc change induced by the photoisomerization
from the zwitterionic form to the neutral form. It should
be considered that the photoresponsive surfactant forms
micelles by itself in the azobenzene and spiropyran
systems, which are completely different from our mixed
micelle system of LMG and CTAC. Table 1 summarizes
the difference in the photoinduced cmc change and the
concentration of the photoresponsive surfactants to cause
the difference. To induce the cmc change in our system,
1.0� 10�5 mol dm�3 of LMG is required. On the other
hand, a much greater amount of the photoresponsive
surfactants is required for the azobenzene and spiropyran
systems, that is, the photocontrol of micelle formation
was carried out by photoirradiation on the azobenzene

Table 1. Cmc change caused by photoresponsive surfactants


Photoresponsive moiety Difference in the photoinduced cmc c


Malachite Green 0.5
Azobenzene 5.5a


Spiropyran <0.1b


a From Ref. 10.
b From Ref. 32.
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surfactant solution at the concentration higher than
2.7 mmol dm�3 and the spiropyran surfactant solution at
the concentration higher than 6.0� 10�5 mol dm�3.
Therefore, Table 1 indicates that a small quantity of
LMG triggers the cmc changes of the micelle assembly.

PHOTOINDUCED UPTAKE OF OILY
SUBSTANCE IN MICELLE SOLUTIONS


One of the desired functionality for micelle is to
solubilize a poorly water-soluble substance in the micelle
interior, since the solubilization is applied in various
fields. Nuclear magnetic resonance (NMR) is a powerful
tool for investigation of various properties of substances
and has been applied to the elucidation of colloid-
chemical behaviors in aqueous solutions.33 We have
reported a simple relationship between the solubility of
benzene and NMR chemical shift of benzene in micelle
solutions.26 When a slightly water-soluble compound, for
example, benzene, is solubilized into an aqueous solution
of a surfactant, some of the benzene molecules are in
surfactant micelles and others in the bulk water phase.
They are constantly exchanged between these two
environments, thus maintaining an equilibrium. The
chemical shift of the benzene proton is generally different
in these two environments and only one signal will appear
at an appropriately averaged position if the exchange is
rapid. Therefore, the observed chemical shift of benzene
is the weighted average of the chemical shifts in the
aqueous phase and in the micellar phase. Thus, we have
obtained the relationship between observed chemical
shift and the solubility of benzene in the solution. The
detailed study has been reported in the Ref. 26. Based on
the relationship, the benzene solubility in micelle solu-
tions was determined and was plotted against CTAC con-
centration as shown in Fig. 9. Photoirradiation increased
the solubility of benzene for mixed micelle solutions
containing CTAC and LMG. A significant change by
photoirradiation was attained with 8 mmol dm�3 CTAC
containing 1.0� 10�5 mol dm�3 LMG, the benzene
solubility changing from 4.55 g dm�3 under dark con-
ditions to 4.81 g dm�3 by photoirradiation (Fig. 9). It
should be noted that a small amount of LMG (1.0�
10�5 mol dm�3) induces a significant increase (0.26 g dm�3)
in the solubility of benzene. The uptake of ethylbenzene
in the micelle of 4-butylazobenzene-40-(oxyethyl) tri-
methylammonium bromide was reported and 1.0�

hange (mM) Concentration of photoresponsive surfactant


1.0� 10�5 M
>2.7 mMa


>6.0� 10�5 Mb
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Figure 9. Solubility of benzene in CTAC solution under dark
conditions (closed symbols) and after UV irradiation (opened
symbols) (270MHz). Concentration of LMG: 10�5mmol dm�3.
(Taken from Ref. 26)
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10�2 mol dm�3 of the azobenzene surfactant was required
to obtain 0.26 g dm�3 of the photoinduced gain in
ethylbenzene solubility.10 As a consequence, the differ-
ence between 1.0� 10�5 mol dm�3 of LMG and
1.0� 10�2 mol dm�3 of the azobenzene surfactant
suggests that LMG behaves as a command compound
for the photoinduced uptake of oily substance in micelles.


As shown in Fig. 9, the photoinduced uptake was
enhanced in the solution with more than 4 mmol dm�3 of
CTAC and for the samples with less than 4 mmol dm�3 of
CTAC, any distinct change of solubility of benzene was
not obtained by UV irradiation. We consider that the
solubilizing ability under UV-irradiated conditions is
concerned with the amount of ionized LMG. The
photoionization ratio of LMG in the solution is plotted
against CTAC concentration in Fig. 10. The ratio does not

Figure 10. Dependence of photoionization ratio of LMG on
CTAC concentration. (Taken from Ref. 26)
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show any significant increase up to 4 mmol dm�3, above
which it increases abruptly. These results coincide with
Fig. 9, indicating that the photoionization of LMG
contributes to increasing the photoinduced uptake of
benzene into micelle solution. The reason for the
increasing photoionization ratio with the CTAC concen-
tration is that the electrically neutral LMG is difficult to
dissolve in water under dark conditions and that an
appropriate concentration of micelle is required to
dissolve it. Photoirradiation promotes the ionization of
LMG in the CTAC micelle, resulting in the abrupt
increase in the photoionization ratio. Besides, a gradual
increase of ionization ratio was observed above
20 mmol dm�3 of CTAC and this is in good agreement
with the data for Fig. 9, that is, the benzene solubility is
not highly enhanced by UV irradiation above
20 mmol dm�3.


ROLE OF LONG-ALKYL-CHAIN MALACHITE
GREEN IN PHOTOINDUCED UPTAKE


For the photochemical control of micelle aggregation,
several works have been reported on photochromic surfac-
tants containing azobenzene or stilbene moiety, which
were dissolved in aqueous media to form micelles.10,32 In
these systems, the photochromic surfactant formed
micelles by themselves. In contrast, our system of
LMG affords the photocontrolled micelle aggregation
based on a ‘command compound’. Only a small quantity
of functional surfactant controls the whole of the micelle
aggregates and the photoionized LMG causes the
remarkable change in the benzene solubility (Fig. 9).
Nevertheless, it is not well understood how the ‘command
compound’ contributes to the enhanced solubility. In
order to understand the mechanism of LMG system, we
focused on Malachite Green oxalate (MGþ) (Fig. 11) as a
model compound which is completely ionized to yield a
hydrophilic head group of LMG. The cmc and the
benzene solubility were examined for CTAC solutions
containing 1.0� 10�5 mol dm�3 of MGþ. The bending
point in Fig. 12 shows the cmc of CTAC with MGþ to be
0.8 mmol dm�3 which is higher than 0.1 mmol dm�3 for
the system of CTAC with photoionized LMG. Thus,
MGþ does not contribute to decrease the cmc of the
mixed micelle solution. Figure 13a shows the benzene

Figure 11. Chemical structure of Malachite Green oxalate
(MGþ)
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Figure 12. Specific conductivity of 0.1mol dm�3 acetate
buffer solution containing CTAC and 1� 10�5mol dm�3


MGþ as a function of CTAC concentration


Figure 13. Solubility of benzene in CTAC solution contain-
ing 1.0� 10�5mol dm�3 of MGþ(a) and without MGþ(b)
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solubility in CTAC solutions containing MGþ, in
comparison with the solubility in CTAC solutions without
MGþ (Fig. 13b). There is no distinct difference in the
solubility between the CTAC solutions with and without
MGþ. This indicates that MGþ hardly induces any
change in the benzene solubility.


The microscopic location of LMG in the mixed
micelles is important for understanding the mechanism of
the photoinduced enhancement in the solubilizing power.
Triphenylmethane dye is a probe molecule with an
absorption maximum that depends on the environment for
the molecule location. For example, crystal violet affords
a wavelength of 590 nm at maximum absorbance (lmax) in
a polar solvent such as water and that of 605 nm in a
nonpolar solvent such as benzene.34 For brilliant green,
the lmax is 624 nm in water and 630 nm in 1-hexanol.35


We examined the spectral dependence of MGþ in
solvents with varying dielectric constant (Table 2). The
peak was red-shifted in solvents with a low dielectric
constant. Since LMG has a triphenylmethyl cationic
moiety after UV irradiation, some information about the
microscopic environment around the photoionized LMG
can be obtained. We therefore compared lmax of
photoionized LMG with that of MGþ in CTAC micelle
solutions. Figure 14 shows the lmax of MGþ in the
solutions with various CTAC concentrations. When the
CTAC concentration is lower than 4 mmol dm�3, the lmax


of MGþ is constant at 617 nm. This reflects a polar
environment similar to water, because Table 2 shows
616 nm for the lmax in water. In the CTAC concentrations
of higher than 7 mmol dm�3, the peak of MGþ was
shifted to a longer wavelength with increasing CTAC
concentration. This indicates that MGþ is in a low polar
environment, that is, the core of the micelle. Interestingly,
Fig. 15 gives a different result for LMG from that for
MGþ, that is, the photoionized LMG did not exhibit such
red shifts as seen in the MGþ system. The lmax of ionized
LMG is almost constant (617 nm) at the CTAC
concentrations higher than 4 mmol dm�3. The constant
wavelength at 617 nm indicates that ionized LMG is in a
polar environment, not in the micelle core. Comparing
617 nm of photoionized LMG with 622.5 nm of MGþ at
30 mmol dm�3 CTAC, there is a decisive difference in the
location between MGþ and the photoionized LMG.

Table 2. Wavelength at absorption maximum of MGþ in
various solvents


Solvent ea lmax/nm


Water 78.54 616.0
Acetonitrile 37.5 618.8
Methanol 32.63 618.4
Ethanol 24.3 621.4
Acetone 20.7 621.6
1-Octanol 10.3 626.7
Tetrahydrofuran 7.6 625.3


a From Ref. 36.
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Figure 14. Wavelength at absorption maximum of MGþ in
solutions with varying CTAC concentration


Figure 16. Difference between MGþ and LMG of the
microscopic location in CTAC micelle
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The microscopic location of LMG in the micelle is
represented in Fig. 16, in comparison with that of MGþ.
LMG is in the lipophilic micelle core under dark
conditions. LMG, when irradiated by UV light, has an
amphiphilicity and moves to the interface between the
micelle and water, a more polar environment, and its alkyl
chain is expected to be in the lipophilic micelle core.
Consequently, the inner lipophilic volume of micelle is
increased to enhance the benzene solubilization. In
contrast, MGþ occupies the micelle core and therefore
the solubilizing power of the micelle remains unchanged.
The size of micelle obtained by dynamic light scattering
experiments supports the mechanism in Fig. 16. The

Figure 15. Wavelength at absorption maximum of photo-
ionized LMG in solutions with varying CTAC concentration.
The UV irradiation was carried out for 15min
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diameter of the mixed micelle solution containing CTAC
and LMG is 8.1 nm under dark conditions and 8.5 nm
after UV irradiation. The photoionized LMG is located at
the micellar interface and the diameter of 8.5 nm is
responsible for the bigger inner volume of the micelle
than that under dark conditions.

CONCLUSION


We have shown that photoirradiation on the mixed
micelle concentration containing CTAC and a small
quantity of LMG results in the significant decrease of the
cmc and the enhancement of the solubility of oily
compound in the micelle solution. This indicates that the
photoionized reaction at the surfactant head group
controls the aggregation of the whole mixed micelles.
It was thus found that LMG works as a ‘command
compound’ in the mixed micelle system. The microscopic
location of LMG in the micelle was elucidated and the
role of LMG in the control of micelle aggregation was
also discussed.
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ABSTRACT: A simple thermodynamic model, originally developed for metals based on the Gibbs–Thomson equation
and related considerations for homogeneous nucleation, has been extended to predict the solid–liquid interface energy
gsl of organic crystals. The model predictions correspond to available experimental and other theoretical results for
38 organic crystals. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


The solid–liquid interface energy gsl, which is defined as
the reversible work required to form or to extend a unit
area of interface between a crystal and its coexisting fluid
plastically, is one of the most fundamental materials
properties.1–6 It plays a key role in many practically
important physical processes and phenomena like homo-
geneous nucleation, crystal growth from the melt, surface
melting, and roughening transition, etc. Thus, a quanti-
tative knowledge of gsl value is necessary. However,
direct measurements for gsl are not at all easy even for
elements in contrast to the case of liquid–vapor interface
energy glv.


1–4 This is especially true for organic crystals
because of their lower thermal conductivity and smaller
gsl values, which have the same size of wall–liquid
interface energy where the wall must exist during the
measurements.2 Both evidently increase measuring
error.2 On the other hand, a theoretical method to
determine gsl values of organic crystals does not exist to
the best of our knowledge. Therefore, it is necessary and
important to develop a thermodynamic prediction method
to calculate gsl values of organic crystals.


Due to the difficulty of measuring gsl values, some
theoretical attempts have been carried out.1,2,4,6 Based
on the nucleation experiments and the classical nucleation
theory (CNT), Turnbull proposed an empirical relationship
that gsl is proportional to its g-atom melting enthalpyDHm,1


gsl ¼
tDHm


V
2=3
g N


1=3
a


(1)
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where the coefficient t is considered to be 0.45 for metals
(especially closely packed metals) and 0.34 for non-
metallic elements at about 20% of undercooling below the
melting point Tm,1Vg is the g-atom volume of the crystal
at Tm, and Na is the Avogadro constant. The gsl values
measured by Turnbull are recognized now to be lower
than real ones for metals.7,8 According to the review
papers of Eustathopoulos or Kelton,3,5t¼ 0.55
or t¼ 0.49� 0.08 for metals while t value increases
noticeably for molecules having more asymmetry.2,6


Undoubtedly, Eqn (1) overlooks some important pieces of
physics,2,6 and the existence of t to be determined also
weakens the theoretical meaning of this equation.


Singh9 predicted that t lies between 0.30 and 0.35 for
organic crystals. Similarly, t was also predicted to be 0.30
for water and some organic compounds10 when DHm


and Vg are measured in units of J mol�1 and cm3 mol�1


rather than J (g-atom)�1 and cm3 (g-atom)�1, respect-
ively. However, this has not been strictly examined. Thus,
gsl function of organic crystals needs to be further
considered.


In this contribution, a thermodynamic model for gsl of
organic crystals is established on the basis of the
Gibbs–Thomson equation and some considerations for
homogeneous nucleation of elements.2,8 It is found that
the model predictions correspond to available exper-
imental or other theoretical results for 38 organic crystals.

MODEL


The most powerful method available for theoretically
estimating gsl is to make direct use of the so-called
Gibbs–Thomson equation (known also as the Kelvin
equation),2 which describes the equilibrium between
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small spherical solid nucleus and the infinite amount of its
liquid,


gsl ¼
rnDHm


2Vg


1 � Tn


Tm


� �
(2)


where rn and Tn are the critical radius of the solid nucleus
and the nucleation temperature, respectively. The phy-
sical meaning of Eqn (2) is that the growth of the solid
phase will be thermodynamically more favourable than its
dissolution for solid nucleus with size larger than rn at Tn.
Thus, the gsl value can be determined in terms of Eqn (2)
as long as the rn value at Tn is known.


In the CNT, when spherical elemental nucleus with a
radius r is formed from the corresponding liquid phase at
a temperature T below the bulk Tm, the Gibbs free energy
change DG(r,T) can be expressed as,8


DGðr;TÞ ¼ �ð4=3Þpr3gmðTÞ=Vg þ 4pR2gslðr; TÞ (3)


where gm is the Gibbs free energy difference function
between crystal and liquid, which is given as,11


gmðTÞ ¼
7DHmTðTm � TÞ
TmðTm þ 6TÞ (4)


Recently, through combining Eqn (2) and a model for
the size-dependent melting temperature, gsl is read as,6


gslðTÞ ¼
2hSvibDHmðTÞ


3RVg


(5)


where R is the ideal gas constant and Svib is the vibrational
part of the overall melting entropy Sm. Although Eqn (5)
has been applied to determine gsl values of organic
crystals and gained a certain success,12 the assumption of
Svib� Sm will result in significant deviation for organic
crystals with larger volume change on melting and thus
larger positional entropy Spos noted that Svib� Sm� Spos.


8


In terms of the Helmholtz function DHm(T)¼
gm(T)�Tdgm(T)/dT with Eqn (4), DHm(T) can be
determined as,


DHmðTÞ ¼
49DHmT


2


ðTm þ 6TÞ2
(6)


On the other hand, solid–liquid interface energy should
be size-dependent.6gsl(r) function for particles has been
established and simplified as,6


gslðrÞ
gsl


� 1 � 3h=2r (7)


Substituting Eqns (4)–(7) into Eqn (3) and letting
@DG(r,T)/@r¼ 0, rn can be determined as,


rnu


h
¼ Aþ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � 3Au=2


p
(8)


where u¼ 1-Tn/Tm is the degree of undercooling and
A ¼ 14Svib


3R
1�u
7�6u


� �
.


Since the average value of u of 37 elements (except for
Hg, Ga, and Te) is about 0.2113 and the average value of

Copyright # 2007 John Wiley & Sons, Ltd.

Svib/R of concerned elements in Table 1 of Ref. 8 is about
0.95,8 there is,


rnu


h
� 1:04 (9)


For any pure, isotropic, spherical, condensed material,
h in Eqn (9) can be estimated from the known value of Vg


and the packing density h of the solid crystals as,


h ¼ 6hVg


pNa


� �1=3


(10)


Taking the V
1=3
g value from Eqn (10) and substituting it


and Eqn (9) into Eqn (2), there is,


gsl ¼
bDHm


V
2=3
g N


1=3
a


(11)


with b � ½27h=ð32pÞ�1=3


Table 1 gives comparisons of gsl of 17 metals among
the model predictions g0 by Eqn (11), available expe-
rimental data gexp,2,4,14–17 and MD results gMD


18–20 where
the related parameters are also listed.21,22 Because many
of the elements, that is, those with asterisk in column 1
of Table 1, can transform from one crystalline form to
another on heating from 0 K to Tm while gsl is calculated
at T¼ Tm, the h values of the high temperature allotropic
forms are employed. In case of hexagonal close-packed
(hcp) elements, the ideal hcp structure (all the atomic
distances are uniform and h¼ 0.74) has been employed
for simplification. It can be found that g0 corresponds to
gexp and gMD except for Sb and Tl. The gexp value of Tl
was determined by a similar method in estimating
gexp(Pb)¼ 76 mJ m�2,15 which is considerably higher
than the result from other experiment.2


Although Eqn (11) is deduced in terms of the
Gibbs–Thomson equation and related discussions for
homogeneous nucleation of metallic elements, this equ-
ation should be also applicable to other types of materials,
for example, organic crystals. Although u� 0.21 and Svib/
R� 0.95 are not suitable for organic crystals, the equation
rnu/h� 1.04 is reasonable for organic crystals. Because
u values of organic crystals are unavailable to us, and
since water consists of full hydrogen bonds, water is taken
as the example. Using u� 0.143,1Svib/R� 0.89, and
h� 0.096,6 Eqn (9) can also be obtained. Note that h
is 1 in this case since the correlation between molecular
diameter h and Vg is unrelated to h for spherical organic
crystals.

RESULTS AND DISCUSSION


Table 2 shows a comparison of gsl(Tm) for 38 different
organic molecular crystals between the model predict-
ions g0 and available experimental data gexp


2,4,23–26 where
the related parameters are also listed.27–30 It is found that
g0 corresponds to the late experimental data2,4,25,26 which
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Table 1. Comparisons of gsl(Tm) of metals among the model predictions g0 by Eqn (11), available experimental data gexp, and
MD results gMD


g0 gexp gMD DHm Vg ha


Ag 163 17215 11.3 10.3 0.74
Al 159 158� 3016 14920 10.8 10 0.74
Au 180 15615, 19016 12.5 10.2 0.74
Bi 81 55� 802, 8215 10.9 21.3 0.44
Cd 75 8715 6.1 13.1 0.74
Cob 308 32815 16.1 6.7 0.74
Cu 239 23215, 237� 2616 13 7.1 0.74
Feb 247 33615 22118 13.8 7.1 0.68
Lib 35 3017 3 13.1 0.68
Nab 21 2017 2.6 23.7 0.68
Ni 333 36415 32619 17.2 6.6 0.74
Pb 47 40� 72, 7615 4.8 18.2 0.74
Pt 306 32315 19.6 9.1 0.74
Sb 163 80� 13015 19.7 18.2 0.44
Snb 66 62� 102 7 16.7 0.54
Tlb 41 6715 4.2 17.2 0.68
Zn 113 13214, 87� 12315 7.3 9.2 0.74


g, DHm
21, and Vg


21 are measured in units of mJ m�2, kJ (g-atom)�1, and cm3 (g-atom)�1, respectively, which have the same units as those in Table 2.
a From Ref. 22.
b These metals have allotropic forms.
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are evidently smaller than the early experimental ones for
lauric, myristic, and stearic acids.23,24 Moreover, other
theoretical results g1 calculated by Rai et al.,31–48 g2, and
g3 determined in terms of Eqn (1) with t¼ 0.30 and 0.35
are also listed for comparison; note that in this case the
units of DHm


0 and V 0 are taken as J mol�1 and cm3 mol�1


rather than J (g-atom)�1 and cm3 (g-atom)�1, respectively,
listed in Table 2.10 Note that DHm


0 ¼ nDHm and V 0 ¼ nVg


with n being the number of atoms in a molecule. Thus,
although b is larger than t, g0 may be larger or smaller than
g2 and g3 because of the existence of n. Generally, g0 is in
good agreement with g2 while is smaller than g1. Although
g1 was claimed to be calculated in terms of Eqn (1) with t
lying between 0.30 and 0.35 (t value was not definitely
mentioned),31–33,36–42,44–48g1 values of 15 organic crystals
are larger than g3, which is determined by Eqn (1) with
t¼ 0.35. Since g0 corresponds to g2 with t¼ 0.30, the case
that g0 is smaller than g1 is obvious and may hardly
illustrates the incorrectness of Eqn (11).


It is known that organic crystals as molecular crystals
differ from metallic ones, whose chemical bonds are
covalent within molecules, while molecules are bound by
van der Waals forces or hydrogen bonds. The former,
being responsible for stability of individual molecules, is
much stronger than the latter, being primarily responsible
for bulk properties of matter, such as gsl. Since bond
strengths of van der Waals forces or hydrogen bonds are
weaker than those of metallic bonds, gsl values of organic
crystals should be smaller than those of metallic crystals,
such as gsl� 40� 7 mJ m�2 of Pb,2 which is one of the
smallest gsl values among metallic crystals except for
alkali metals where abnormally small gsl values
(�30 mJ m�2) result from smaller DHm and unnaturally
larger Vg as shown in Table 1. As shown in Table 2, g0

Copyright # 2007 John Wiley & Sons, Ltd.

values of all 38 organic crystals are smaller than the upper
limit of 47 mJ m�2.


Although some measured gsl values of organic crystals
composed of chain molecules are much larger than the
above limits as shown in Table 2,23,24 their real values
should be similar to those composed of spherical
molecules since gsl denotes excess energy of unit area
where molecular weight has negligible effect on it. Even
if chain molecules may contain one or more hydrogen
bonds, gsl values still vary little since most bonds of the
molecules are van der Waals forces. This analysis also
implies that anisotropy of gsl of organic crystals is small,
although this issue is still debated up to now.2,4,6


Moreover, for a typical fcc crystal, the bond number
decrease of molecules on a solid–liquid interface is
usually 1–2, while that on a liquid–vapor interface is 3–4.
Since the bond number is proportional to the correspond-
ing interface energy, with the note that the bond strength
difference of molecules between solid and liquid states is
only several percent of the bond strength, gsl should be
always smaller than glv where glv is easy to measure with
better accuracy. Although the above analysis is made in
terms of the relation between interface energy and bond
number for metals, this relation should also be applicable
to organic crystals. Thus, the glv value of the same
substance is a good reference as an upper limit on gsl. The
available glv values of these crystals are also listed in
Table 2 from references.27–29 The model predictions in
terms of Eqn (11) are in good agreement with the
principle of gsl< glv. Since the early measured gsl values
for lauric, myristic, and stearic acids23,24 are evidently
larger than the corresponding glv values,2 the disagree-
ment between g0 and early gexp for these three kinds
of acids may also hardly illustrate the incorrectness of
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Table 2. Comparisons of gsl(Tm) of organic crystals among the model predictions g0 by Eqn (11), available experimental data
gexp, and other theoretical results g1, g2, and g3


g0 gexp g1 g2 g3 glv DHm
a Vg


a


Acenaphthene 23.2 29.731 29.9 35.1 0.979 5.88
Acetanilide 27.2 33.231 33.4 39.2 35.7 1.140 5.82
Benzene 16.9 19.82, 15.74 17.8 20.8 28.9 0.829 7.39
Benzil 20.2 3432 27.5 32.2 0.915 6.57
Benzoic acid 27.8 40.733 31.3 36.7 1.210 6.16
Camphene 2.6 4.4� 0.534 3.5 4.1 0.110 6.10
Camphor 6.2 10.8� 1.135 8.6 10.1 0.254 5.60
Carbontetrabromide 8.5 10–202 6.836 6.7 7.8 0.790 19.4
Chlorobenzene 14.8 14.14 15.6 18.3 33.6 0.796 8.48
p-Chloronitrobenzene 25.0 29.437 27.7 32.4 37.0 1.288 7.97
Cis-decalin 8.4 11.64 11.8 13.8 32.2 0.339 5.48
Cyclohexane 3.5 4.64 4.2 4.9 25.5 0.149 5.98
p-Dibromobenzene 17.8 31.237 18.6 21.9 33.0 1.711 20.4
p-Dichlorobenzene 26.4 39.738 27.8 32.6 30.0 1.525 9.42
p-Formyldimethylaniline 21.0 3639 27.0 31.7 0.855 5.60
Diphenyl 17.8 24.02 20.837 22.9 26.8 34.5 0.846 7.07
Durene 20.5 30.740,41 27.2 31.9 0.889 6.14
Ethylene dibromide 21.7 35� 72, 19.54 19.9 23.3 38.4 1.368 10.8
Heptane 13.7 17.14 17.8 20.9 20.1 0.608 6.39
Lauric acid 22.5 71� 1524 34.7 40.7 28.5 0.964 6.05
Myristic acid 23.7 8123 38.5 45.2 28.6 1.025 6.10
Naphthalene 24.4 27.22 29.4 34.5 28.8 1.057 6.13
a-Naphthol 26.2 44.833 32.2 37.7 1.228 6.89
Neopentyl alcohol 5.8 5.042 7.0 8.2 0.248 6.04
m-Nitroaniline 36.9 38.143 41.1 48.1 50.3 1.579 6.03
m-Nitrobenzoic acid 27.8 40.644 32.9 38.5 1.259 6.55
p-Nitrophenol 26.3 41.945 28.4 33.3 33.9 1.280 7.30
Pentachloropyridine 25.5 52.246 26.1 30.6 2.518 21.1
Phenanthrene 16.4 22.137 21.7 25.5 0.776 7.00
Pivalic acid 2.9 2.7� 0.225 3.4 4.1 0.133 6.59
Pyrene 15.4 26.847 21.0 24.6 0.668 6.12
Pyrogallol 38.2 64.141 43.3 50.8 1.593 5.79
Resorcinol 34.9 50.140 38.7 45.3 1.521 6.19
Stearic acid 25.7 106–15123 45.2 52.9 28.9 1.093 5.97
Succinonitrile 7.1 7.9� 0.826 9.042 7.0 8.2 47 0.370 8.08
s-Tetrachlorobenzene 37.4 46.348 39.3 46.1 2.195 9.68
Trans-decalin 12.8 18.44 17.5 20.5 29.9 0.516 5.54
Urea 45.3 54.733 41.7 48.9 1.849 5.60


g2 and g3 are calculated in terms of Eqn (1) with t¼ 0.30 and 0.35 while the units of DHm and Vg are kJ mol�1 and cm3 mol�1 rather than J (g-atom)�1


and cm3 (g-atom)�1, respectively, listed in this table.
a From Refs. 27–30.
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Eqn (11). In terms of the above discussions, the
predictions of g0 are at least qualitatively correct in size
range; namely, Eqn (11) can be extended to organic
crystals.

CONCLUSION


In summary, a simple thermodynamic model, originally
established for metals in terms of the Gibbs–Thomson
equation and discussions for homogeneous nucleation,
has been extended to predict the solid–liquid interface
energy of organic crystals. The model predictions are
generally in agreement with available experimental and
other theoretical results for 17 elemental crystals and
38 organic crystals.

Copyright # 2007 John Wiley & Sons, Ltd.
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26. Maraşl1 N, Keşlioğlu K, Arslan B. J. Cryst. Growth 2003; 247:


613–622.
27. Dean JA. Lange’s Handbook of Chemistry (13th edn). McGraw-


Hill Book: New York, 1985.

Copyright # 2007 John Wiley & Sons, Ltd.

28. Dean JA. Handbook of Organic Chemistry. McGraw-Hill Book:
New York, 1987.


29. Weast RC. Handbook of Chemistry and Physics (69th edn). CRC
Press, Inc.: Cleveland, 1988–1989.


30. http://webbook.nist.gov/chemistry
31. Rai US, Shekhar H. Cryst. Res. Technol. 1994; 29: 533–542.
32. Rai RN, Varma KBR. Mater. Lett. 2001; 48: 356–361.
33. Rai US, Rai RN. J. Therm. Anal. 1998; 53: 883–893.
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ABSTRACT: The specific rates of solvolysis of 2-adamantyl fluoroformate have been measured at 25.0 8C in 20 pure
and binary solvents. These are well correlated using the extended Grunwald–Winstein equation, with incorporation of
the NT solvent nucleophilicity scale and the YCl solvent ionizing power scale. The sensitivities (l¼ 2.15� 0.17 and
m¼ 0.95� 0.07) toward the changes in solvent nucleophilicity and solvent ionizing power, and the kF/kCl values are
very similar to those previously observed for solvolyses of n-octyl fluoroformate, consistent with the addition step of
an addition-elimination pathway being rate-determining. For aqueous ethanol, measurement of the product ratio
allowed selectivity values (S) to be determined. The results are compared with those reported earlier for 2-adamantyl
chloroformate and mechanistic conclusions are drawn. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: 2-adamantyl fluoroformate; addition–elimination; Grunwald–Winstein equation; product selectivity

INTRODUCTION


A recently published study of the solvolysis-decom-
position of 2-adamantyl chloroformate (2-AdOCOCl)1 is
extended to 2-adamantyl fluoroformate (2-AdOCOF).
Although the solvolyses of alkyl and aryl haloformates
had been extensively studied kinetically, less was known
about the kinetics and mechanism of the solvolyses of the
above fluoroformate and chloroformate. Accordingly, a
study of the reaction mechanism for 2-adamantyl
fluoroformate under solvolytic conditions is a subject
of continuing interest.


In hydroxylic solvents, chloroformates with a primary
alkyl group usually solvolyze with rate-determining
attack at the carbonyl carbon. Only in solvents of very
low nucleophilicity and very high ionizing power can, in
some instances, an ionization pathway be detected.2–4


Secondary alkyl chloroformates follow the ionization
pathway in all but the more nucleophilic and less ionizing
solvents (100% and 90% EtOH and MeOH).1,5 For
tertiary alkyl chloroformates,6 an ionization process, with
loss of carbon dioxide, is favored. The ionization pathway
with solvolysis-decomposition is the only one operating
for solvolyses of 1-adamantyl chloroformate. Loss of
carbon dioxide leads to the relatively stable 1-adamantyl
cation, which can be captured by simultaneously formed

to: J. B. Kyong, Department of Chemistry and
try, Hanyang University, Ansan-si, Gyeonggi-do


hanyang.ac.kr
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chloride ion or solvent. The corresponding 1-adamantyl
fluoroformate7 showed a very much-reduced tendency
toward the ionization and only in solvents of high ionizing
power and low nucleophilicity does the behavior parallel
to that of the chloroformate. In other solvents, the
predominant pathway involves addition–elimination.


The overall picture for solvolyses of primary,
secondary and tertiary chloroformates in hydroxylic
solvents can be expressed according to Scheme 1, with
pathways involving a bimolecular substitution at the acyl
carbon shown to the left and pathways involving a
rate-determining unimolecular reaction with accompany-
ing loss of carbon dioxide shown to the right.


A recent report concerning the solvolyses of n-octyl
fluoroformate and chloroformate8 found the kF/kCl ratio to
be only slightly less than unity in 100%EtOH and
100%MeOH and to be somewhat above unity for
solvolyses in mixtures of water with ethanol, acetone,
dioxane, or 2,2,2-trifluoroethanol (TFE). These ratios
were considered to be consistent with the addition step
of an addition–elimination mechanism being rate
determining.


The extended Grunwald–Winstein equation (Eqn (1))9–12


has been found to be a very powerful tool for the study of
a solvolysis reaction:


logðk=koÞ ¼ lNT þ mYCl þ c (1)


In Eqn (1), k and ko represent the specific rates of
solvolysis in a given solvent and in the standard solvent
(80% ethanol), respectively; l is the sensitivity towards
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changes in solvent nucleophilicity (NT);
11m is the


sensitivity towards changes in solvent ionizing power
(YCl);


12 and c is a constant (residual) term. As the
mechanism moves from an ionization pathway to a
bimolecular pathway, the l-value should increase and the
m-value should decrease. The utility of the YCl scale for a
process in which nucleophilic attack is accompanied by
movement of electron associated with the carbonyl group
onto the oxygen of the group has been discussed
previously.8

Table 1. Specific rates of solvolysis (with standard devi-
ations) of 2-adamantyl fluoroformate in pure and aqueous
solvents at 25.0 8C together with the appropriate solvent
nucleophilicity (NT) and solvent ionizing power (YCl) values
and the specific rate ratio relative to 2-adamantyl chloro-
formate (kf/ kCl)


Solvent(%)a 105k (s�1) NT
b YCl


c kF/kCl
d


100 MeOHe 2.27� 0.09 0.17 �1.17 0.42
90 MeOH 22.1� 0.6 �0.01 �0.18 2.40
80 MeOH 41.8� 1.0 �0.06 0.67 2.46
70 MeOH 64.9� 3.5 �0.40 1.46 2.32
60 MeOH 103� 3 �0.54 2.07 1.84
100 EtOH 0.441� 0.012 0.37 �2.52 0.37
90 EtOH 8.04� 0.07 0.16 �0.94 2.71
80 EtOH 14.9� 0.4 0.00 0.00 3.48
70 EtOH 24.4� 0.3 �0.20 0.78 3.94
60 EtOH 29.9� 0.5 �0.38 1.38 3.01
50 EtOH 38.9� 1.0 �0.58 2.02 1.86
80 Me2CO 0.646� 0.023 �0.37 �0.83 0.65
70 Me2CO 2.21� 0.03 �0.42 0.17 0.82
60 Me2CO 4.28� 0.06 �0.52 0.95 0.61
50 Me2CO 11.9� 0.2 �0.70 1.73
70 TFE 0.931� 0.03 �1.98 2.96 0.011
50 TFE 3.21� 0.2 �1.73 3.16 0.026
60T–40Ef 0.180� 0.02 �0.94 0.63 0.053
40T–60Ef 0.367� 0.02 �0.34 �0.48 0.25
20T–80Ef 0.425� 0.02 0.08 �1.42 0.45


aVolume/volume basis at 25.08C, except for TFE–H2O mixtures, which are
on a weight/weight basis.
b Values from Ref. 11.
c Values from Ref. 12.
d Values relative to those for the corresponding solvolysis of 2-adamantyl
chloroformate (values from Ref. 1).
e Value in 100% MeOD of 1.32(�0.10)� 10�5 s�1, leading to a kMeOH/
kMeOD value of 1.72� 0.19.
f T–E represents TFE–ethanol mixtures.

RESULTS


The specific rates of solvolysis of 2-adamantyl fluor-
oformate at 25.08C are reported in Table 1. The solvents
consisted of ethanol, methanol, binary mixtures of water
with ethanol, methanol, 2,2,2-trifluoroethanol (TFE),
acetone, and three binary mixtures of TFE and ethanol.
The NT and YCl values are also reported in Table 1,
together with the kF/kCl ratios. A determination was also
made in methanol-d (MeOD).


In methanol, ethanol, and 80% ethanol, specific rates
were determined at three additional temperatures, and
these values, together with calculated enthalpies and
entropies of activation, are reported in Table 2.


For the reactions in ethanol, 90�50% ethanol, and 50%
acetone, product studies were carried out using gas
chromatography with response-calibrated flame ioniz-
ation detection, and those results are reported in Table 3.


For the aqueous ethanol, selectivity values (S) were
calculated according to Eqn 2,


S ¼ ½2�adamantyl ethyl ether�½H2O�
½2�adamantano�½EtOH� (2)


In Eqn 2, the product concentrations are divided by the
concentration of the component of the solvent producing
them. The 5.0% 2-adamantanol observed after reaction in
100% ethanol is deducted from the percentages of this
product observed in aqueous ethanol mixtures before
calculation of the S values. The selectivity values (S) are
presented in Table 3. For comparison, S2-AdOCOCl values

Copyright # 2007 John Wiley & Sons, Ltd.

previously reported1 for the solvolyses of 2-adamantyl
chloroformate are also tabulated.

DISCUSSION


The variance of kF /kCl ratios has suggested
14 differences


in mechanism and a useful additional probe will be to
apply the extended Grunwald–Winstein equation (Eqn 1)
and compare the l and m values with those previously
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Table 2. Specific rates for solvolysis of 2-adamantyl fluoroformate at various temperatures and enthalpies DH6¼ (kcalmolS1)
and entropies DS 6¼ (cal molS1KS1) of activation


Solvent (%)a T (8C) 105k (s�1) DH 6¼
298.158C


b (kcal mol�1) DS 6¼298.15 8C
b (cal mol�1K�1)


100% MeOH 25.0 2.27� 0.09 10.8� 0.3 �44.2� 1.0
50.0 10.2� 0.9
60.0 15.4� 0.4
70.0 26.9� 1.4


100% EtOH 25.0 0.441� 0.013 11.8� 0.5 �44.2� 2.0
50.0 2.36� 0.05
60.0 4.03� 0.11
70.0 6.09� 0.03


80% EtOH 25.0 14.9� 0.4 10.3� 0.8 �42.2� 3.0
30.0 20.0� 0.4
40.0 26.1� 0.3
50.0 35.2� 0.6


aVolume-volume basis at 25.0 8C.
bWith associated standard error.
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obtained for octyl fluoroformate8 and benzyl fluorofor-
mate.15


An analysis using the extended Grunwald–Winstein
equation of the data for the specific rates of solvolysis of
2-adamantyl fluoroformate leads to a very good linear
correlation with values of 2.15� 0.17 for l, 0.95� 0.07
for m, �0.06� 0.07 for c, and 0.959 for the correlation
coefficient (Fig. 1).


The data points for solvolyses in TFE-ethanol mixtures
fell below the best fit line, as is often observed in
treatments of this type. This phenomenon was very
recently discussed16 and it will not be considered again in
this report. Correlations were carried out both with and
without the TFE-ethanol data. The results of the
correlation are presented in Fig. 1 and reported in
Table 4, together with the corresponding parameters
obtained in the analyses of earlier studied substrates.


The higher m-values for the solvolyses of fluorofor-
mates, relative to chloroformates, may reflect the need for
increased solvation of the developing negative charge on
the carbonyl oxygen in the presence of the more
electronegative fluorine attached at the carbonyl carbon.

Table 3. Percentages of the products present after the solvolysis o
25.0 8C and the calculated selectivity values


Solvent(%)a
2-AdOH
(18.6)b


2-AdOCO
(40.1)b


100EtOH 5.0 95.0
90EtOH 25.1 74.9
80EtOH 37.9 62.1
70EtOH 49.1 50.9
60EtOH 57.0 43.0
50EtOH 62.2 37.8
50Me2CO 100 —


aVolume/volume basis at 25.0 8C,
b Retention time (min) under the GC conditions and with a calibration correctio
c Selectivity involved in solvent attack at the acyl carbon.
d Selectivity values for 2-adamantyl chloroformate (Ref. 1).
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The l/m ratio has been suggested as a useful
mechanistic criterion and the values of Table 4 divide
nicely into two classes with values of 1.9 to 3.4 for those
entries postulated to represent addition–elimination
(A–E) and values below 0.84 for those believed to
represent ionization (I).


For 2-adamantyl fluoroformate, the value for the ratio
l/m of 2.3 is very similar to those previously observed for
the solvolyses of benzyl fluoroformate,15n-octyl fluor-
oformate.8 and benzoyl fluoride,17 which have been
shown to solvolyze with the addition step of an
addition–elimination pathway being rate determining.


The consideration of kF /kCl ratios in nucleophilic
substitution reactions has long been recognized as a
useful tool in studying the reaction mechanism.19 This is
especially so when the attack is at an acyl carbon. For SN1
reaction, a value as low as 10�7 was observed in
4-(N,N-dimethylamino)benzoyl halide solvolyses20 and a
low value of 1.3 � 10�4 was also observed for acetyl
halide solvolyses in 75% acetone.19 These values reflect
an appreciable ground-state stabilization for the fluoride21


and the need to break a strong carbon–fluorine bond in the

f 2-adamantyl fluoroformate in a binary hydroxylic solvent at


OEt
S2-AdOCOF


c S2-AdOCOCl
d


— —
1.33 1.15
1.52 1.20
1.59 1.04
1.78 0.89
2.13 0.56
— —


n factor (C.C.F) for the ester of 0.646.
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Figure 1. Plot of log(k/ko) for solvolyses of 2-adamantyl fluoroformate in pure and binary solvents at 25.0 8C against
(2.15NTþ0.95YCl)
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rate determining step. In contrast, if the addition step is
rate-determining, values of close to unity (and frequently
above it), reflecting a large electron deficiency at the
carbonyl carbon of a haloformate incorporating
fluorine,17 are frequently observed. This situation has
recently been discussed in a consideration of n-octyl
haloformate solvolyses,8 where kF/kCl specific rate ratios
of 0.6 to 15 were observed.


Due to the previous study of 2-adamantyl chlorofor-
mate1 involving 19 of the 20 solvent compositions of the
present study, a wide range of kF/kCl values are available.
For a meaningful consideration of the specific rate ratio at
25.08C (kF /kCl) for solvolyses of 2-adamantyl fluor-
oformate and 2-adamantyl chloroformate (Table 1), it is
important that the kF and kCl values are for the same
reaction pathway. The values for the ratio vary from a low
of 0.4 in 100% ethanol (similar to the 0.6 for n-octyl
haloformates) to a high of 3.9 in 70% ethanol (similar to
the 2.9 for n-octyl haloformates in 80% acetone). The
very low values for 70% TFE, 50% TFE, and
60%TFE-40% ethanol (0.011 to 0.053) are to be expected
because of the previously demonstrated1 dominance of an

Copyright # 2007 John Wiley & Sons, Ltd.

ionization pathway for the solvolyses of the chloride in
these solvents.


The solvent deuterium isotope effect has previously
been studied for several solvolyses of chloroformate
esters. In 100% water, the kH2O /kD2O ratio was in the
range of 1.8 to 2.0 at 7–25.08C for a series of substrates
believed to react by the bimolecular mechanism. The
value for isopropyl chloroformate,5 in the ionization
range, was somewhat lower at 1.25 and the value for
diphenylcarbamoyl chloride was lower again at 1.1.22


More recently, values have become available for the
corresponding ratio for methanolysis. Values have been
reported for the kMeOH /kMeOD¼ 2.1–2.5 for a series of
substituted phenyl chloroformates,23,24 2.4 for
p-nitrobenzyl chloroformate,13 and 1.88 for 2-adamantyl
chloroformate.1 In the latter value, however, there is
probably a contribution from the ionization pathway. The
ionization contribution is 12% in ethanol, and this would
be expected to increase somewhat in methanol.


The solvent deuterium isotope effect values (Table 1)
for methanolysis of 2-adamantyl fluoroformate of kMeOH /
kMeOD¼ 1.72 is of a magnitude usually taken to indicate
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Table 4. Correlationsa of the specific rates of the solvolyses by the addition–elimination mechanism for 2-adamantyl
fluoroformate and by this mechanism or an ionization mechanism for several other chloroformate and fluoroformate esters,
and benzoyl fluoride


Substrate Mechb nc ld md cd Re l/m


PhOCOClf A-E 21 1.68� 0.10 0.57� 0.06 0.12� 0.41 0.973 2.95
MeOCOClg A-E 19 1.59� 0.09 0.58� 0.05 0.16� 0.17 0.977 2.74
EtOCOClh A-E 28 1.56� 0.09 0.55� 0.03 0.19� 0.24 0.967 2.84
EtOCOClh I 7 0.69� 0.13 0.82� 0.16 �2.40� 0.27 0.946 0.84
i-PrOCOCli I 20 0.28� 0.05 0.52� 0.03 �0.12� 0.05 0.979 0.54
BzOCOClj A-E 15 1.95� 0.16 0.57� 0.05 0.16� 0.15 0.966 3.42
BzOCOClj I 11 0.25� 0.05 0.66� 0.06 �2.05� 0.11 0.976 0.38
BzOCOFk A-E 16 1.57� 0.20 0.76� 0.08 �0.13� 0.27 0.933 2.07
BzOCOFk A-E 13 1.43� 0.13 0.70� 0.05 �0.09� 0.17 0.974 2.04
OctOCOFl A-E 23 1.80� 0.13 0.79� 0.06 0.13� 0.34 0.959 2.28
OctOCOFl A-E 19 1.67� 0.07 0.76� 0.03 �0.08� 0.18 0.988 2.20
C6H5COF


m A-E 41 1.58� 0.09 0.82� 0.05 �0.09� 0.10 0.953 1.93
2-AdOCOCln I 19 �0 0.47� 0.03 0.11� 0.19 0.970 �0
2-AdOCOFo A-E 20 2.15� 0.17 0.95� 0.07 �0.06� 0.07 0.959 2.27
2-AdOCOFo A-E 17 1.92� 0.15 0.84� 0.06 �0.02� 0.06 0.968 2.28


aUsing Eqn 1.
b Addition–elimination (A–E) and ionization (I).
c Number of solvent systems included in the correlation.
dWith associated standard errors, those associated with the c values being the standard errors of the estimate.
e Correlation coefficient.
f Values from Ref. 18.
g Values from Ref. 2.
h Values from Ref. 3.
i Values from Ref. 5.
j Values from Ref. 13.
k Values from Ref. 15 and with the second entry omitting the three TFE–ethanol data points.
l Values from Ref. 8 and with the second entry omitting the three TFE–ethanol data points.
mValues from Ref. 17.
n Values from Ref. 1.
o This study and with the second entry omitting the three TFE–ethanol data points.
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that nucleophilic attack by a methanol molecule is
assisted by general–base catalysis by a second methanol
molecule.25,26


For solvolyses in ethanol, methanol, and 80% ethanol,
the values of the enthalpy and the entropy of activation for
the solvolysis of 2-adamantyl fluoroformate (Table 2) are
10.3 to 11.8 kcal mol�1 and �42.2 to �44.2 cal
mol�1K�1, respectively. The very negative entropies of
activation are consistent with the bimolecular nature of
the proposed rate-determining step.


Product studies were based on determinations by gas
chromatography at 10 half lives, estimated from the
specific rates of Table 1. The percentage compositions
and the selectivity values calculated using Eqn 2 are
reported in Table 3. The 5.0% of alcohol after solvolysis
in 100% ethanol is similar to the 2.7% found after
ethanolysis of 1-adamantyl chloroformate6 and the 3.3%
found after ethanolysis of 1-adamantyl fluoroformate.7


For the 2-adamantyl chloroformate in 100% ethanol, a
smaller amount of 2-adamantanol (1.3%) was found, and
since number 2-adamantanol was found for the reaction in
100% TFE, this would appear to be due to the presence of
a small concentration of water in the ethanol.1 As
previously proposed,6,7 this product can also result from
the reaction of the substrate with moisture during
manipulation. The product studies for the solvolyses of

Copyright # 2007 John Wiley & Sons, Ltd.

2-adamantyl fluoroformate (Table 3) are also consistent
with an addition–elimination pathway. The products can
be rationalized in terms of mixed carbonate esters being
formed from reaction with either a pure alcohol or with
the alcohol component of a mixed solvent and
2-adamantanol resulting from an initial water attack
being followed by carbon dioxide loss from the initially
formed hydrogen carbonate (Scheme 1a). In particular,
there was no evidence for either 2-adamantyl fluoride,
from a competing decomposition, or the appropriate
mixed ether, which would have been formed by an
ionization pathway involving loss of carbon dioxide,
followed by reaction of the carbocation with an alcohol
component of the solvent (Scheme 1b).


In aqueous ethanol, the selectivity values (S) increase
slightly from a value of 1.33 in 90% ethanol to 2.13 in
50% ethanol (Table 3). These values are not very different
to those which have been observed for other solvolyses of
carbonyl chlorides and fluorides believed to follow the
addition–elimination pathway. Previous S values for
attack at the acyl carbon of chloroformate and fluoro-
formate esters, which are believed to follow an addition–
elimination pathway, with the addition step being rate
determining, have usually been somewhat larger, with
values of 2.0 to 4.1 for benzyl chloroformate in
90%�50%ethanol,13 2.2 to 3.6 for benzyl fluoroformate
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in 90%�50%ethanol,15 4.1 and 6.1 for p-nitrobenzyl
chloroformate in 80% and 60%ethanol, 13 and 2.6 and 4.6
for p-nitrophenyl chloroformate in 80% and 60%etha-
nol.27 The lower S values for nucleophilic attack at the
acyl carbon in the present study and in the study of the
corresponding chloride could be a consequence of a
higher steric hindrance associated with the 2-adamantyl
cage slightly increasing the extent of reaction with the
smaller water molecules at the expense of the bulkier
ethanol molecules.


The falling of the S value to 0.56 for solvolysis in 50%
ethanol, previously reported for solvolyses of 2-adamantyl
chloroformate,1 is consistent with the change over to an
ionization pathway in all but the more nucleophilic and
least ionizing solvents (100% and 90% EtOH and
MeOH). In the more aqueous solvents, S values for
bimolecular reaction of the chloride are not available for
comparison.

CONCLUSIONS


The solvolyses of 2-adamantyl fluoroformate give a
satisfactory extended Grunwald–Winstein correlation
(Eqn 1) over a wide range of NT and YCl values. The
sensitivities to changes in NT and YCl (l¼ 2.15 and
m¼ 0.95) are very similar to those for several fluor-
oformate and chloroformate esters (Table 4), which have
been shown to solvolyze with the addition step of an
addition–elimination pathway being rate determining.


The kF /kCl values obtained in a comparison with the
corresponding solvolysis of 2-adamantyl chloroformate
are similar to those for solvolyses of n-octyl fluorofor-
mate relative to n-octyl chloroformate, consistent with a
bimolecular addition–elimination mechanism, proceed-
ing through a tetrahedral intermediate. Favoring the
explanation of a relatively low value (when both react by
the addition–elimination pathway) in terms of alkyl
variation is the observation28 that the kF /kCl ratio for
solvolyses of haloformate esters in 70% aqueous acetone
at 30.18C decreases from methyl (7.16), ethyl (5.46) or
n-propyl (4.95) to isopropyl (1.09), consistent with the
value of slightly less than unity for the 2-adamantyl
haloformate solvolyses in this solvent (at 25.08C).


The solvent deuterium isotope effect value for
methanolysis, kMeOH /kMeOD¼ 1.72 is of a magnitude
usually taken to indicate that nucleophilic attack by a
methanol molecule is assisted by general-base catalysis
by a second methanol molecule.


The entropies of activation (�42.2 to �44.2 cal
mol�1K�1) for 2-adamantyl fluoroformate reaction,
believed to involve rate-determining attack at acyl
carbon, are considerably more negative than the values
for reactions believed to proceed by an ionization
pathway (the entropies of activation for 1-adamantyl
chloroformate areþ 3.3 toþ 6.7 cal mol�1K�1).

Copyright # 2007 John Wiley & Sons, Ltd.

The selectivity values (S¼ 1.33 to 2.13) for solvolyses
of 2-adamantyl fluoroformate in 90%–50% aqueous
ethanol are slightly lower but similar to those which have
been observed for other solvolyses of carbonyl chlorides
and fluorides believed to follow the addition–elimination
pathway.


In the present study, unlike the solvolyses of
2-adamantyl chloroformate, where, in most solvents,
solvolysis-decomposition (ionization pathway) was
observed, the solvolyses of 2-adamantyl fluoroformate
have a pathway involving bimolecular attack by solvent at
acyl carbon, and it is suggested that the addition step of an
addition–elimination pathway is rate determining
(Scheme 1a).

EXPERIMENTAL


2-Adamantyl fluoroformate (b.p. 118–120 8C/1.2mmHg)
was prepared from 2-adamantyl alcohol via reaction with
1-chloroethyl chloroformate by a procedure as described
earlier.29 Solvents were purified as previously described.6


The kinetic procedures were as described earlier,7,28


using a substrate concentration of about 7.0� 10�3M and
with 5ml aliquots removed for titration.


The percentages of products formed during the
solvolyses were determined by response-calibrated
GLPC, as previously described,6,7 using a 2.1m glass
column containing 10% Carbowax 20M on Chromosorb
WAW 80/100 with an injection temperature of 150 8C and
column temperature 100 8C. The retention times (in min)
of observed products are reported in Table 3.
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ABSTRACT: Cis/trans isomerization of peptide C—N bonds is involved in the configurational changes and are
definitive for the bioactivity of peptides and proteins. The basic molecular character and origin of the restricted rotation
of the peptide C—N bonds are briefly introduced, as well as the methods used for study of the cis/trans isomerization,
such as the chymotrypsin-coupled assay, pH-mediated solvent jump, and UV-resonance Raman spectroscopy, etc. The
control of the peptide bond configuration with photoresponsive (photochromic) groups such as azobenzene or
thioamide bonds is also reviewed. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: Cis/trans isomerization; rotation barrier; peptide thioamide bond; peptidyl–prolyl bond; azobenzene;


photoswitching; photoresponsiveness

INTRODUCTION


Conformation of peptides and proteins is responsible for
their biological activity.1,2In a peptide chain, there are
three kinds of bonds, for which the rotations are indicated
by angles ci, fI, and vi, respectively. A representative
segment of peptide chain and the rotation of the peptide
bonds are illustrated in Fig. 1.3


Specific torsion angles are found for the regular
structures of the peptides or proteins. For instance, the
right-handed a-helix is characterized with c angle of �478,
whereas the left-handed a-helix is with a c angle of þ478.3


The rotation about the Ci—Niþ 1 bond (vi) is
intrinsically hindered, due to its double-bond character.
The cis/trans isomerization mainly involves this bond and
its rotation is more definitive than the other bonds in the
peptide chain on the conformational shuffling of the
biopolymers.1,2,4–6 Control of the cis/trans configuration
of peptide amide bond will modulate the activity of
biopolymers (Fig. 2).


Many efforts have been made to study the cis/trans
isomerization of peptide C—N amide bonds and to
control its configuration, such as the photoswitch
method,5,7 or the configuration restriction by synthetic
approach.7k Moreover, a lot of model compounds have
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been used to investigate the mechanism of catalyzed or
aided folding of protein, namely the cis/trans isomeriza-
tion of the peptide amide bonds.8


In this commentary review, a brief summary will be
given on the chemical nature of amide bonds, the transi-
tion between its cis and trans configurations, the experi-
mental methods to study this isomerization, and finally on
the control of configurations of peptide bonds by external
stimulus, especially the photoswitch method.


THE AMIDE BOND AND ITS RESTRICTED
ROTATION: CIS/TRANS ISOMERIZATION


The amide group is characterized by short C—N bond
lengths, co-planarity and restricted rotation about the
C—N bond (Fig. 3). 2,8,9 The substantial double-bond
character of the C—N bond is the origin of its hindered
rotation. 2,8


Rotation barrier (DG 6¼) of the peptide amide bonds and
isomerization rate constants (kobs) can be correlated with
the Eyring equation [Eqn (1)].


ln
kobs


T
¼ �DH 6¼


RT
þ DS6¼


R
þ ln


kB


h
(1)


where kobs stands for the observed first-order isomeriza-
tion rate constant (in s�1), T is the experimental
temperature (in K), R is universal gas constant, kB is
the Boltzmann constant, and h is the Planck constant. The
rotational barriers were calculated according to the Gibbs
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Figure 1. Perspective view of a section of polypeptide chain
including two peptide units. The limits of a residue are
indicated by dashed lines and recommended notation for
atoms and torsion angles are indicated. The chain is shown in
a fully extended conformation (ci¼fi¼vi¼ 1808)3
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Figure 3. Resonance structures of the amide bond
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equation [Eqn (2)]. Basically a higher rotation barrier is
accompanied with smaller isomerization rate constants
and vice versa.


DG6¼ ¼ DH 6¼ � TDS6¼ (2)


Isomerization of the cis/trans conformers of normal
secondary peptide amide bond in dipeptides exhibits a
rotational barrier of less than 75 kJ mol�1 (with rate
constant smaller than 1.0 s�1 at room temperature).10


With such a low rotation barrier, usually the secondary
amide bonds are not involved in the critical kinetic traps
of the energy landscape for protein folding. However, the
cis/trans configurational heterogeneity and the rotation
barrier are more significant for imino acids like proline.1,2


This tertiary peptide amide bond is termed as peptidyl–
prolyl bond (-Xaa-Pro-, where Xaa stands for arbitrary
amino acid residues, Fig. 4).


Usually the trans conformers of peptide amide bonds
are thermodynamically more stable than the cis con-
formers because the steric hindrance of the groups
flanking the C—N bonds is released in the trans
conformers. For the equilibrated secondary peptide
bonds, the cis conformers are in a very low concentration
(�1%). For the tertiary peptide bonds (peptidyl–prolyl
bonds), both cis and trans conformers have similar steric

C
O


N
H


R2


R1HN
C


O
N


R2


H


R1HN


trans cis


R1, R2 = amino acid residues


Figure 2. Trans (v¼1808) and cis (v¼08) configurations of
the amide bond in a polypeptide chain
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hindrance, thus, the cis and trans conformers coexist in
almost equal amounts in the unstructured proteins or
peptides (cis contents up to 50%).2 Furthermore, the
rotation of the peptidyl–prolyl bond is characterized with
a higher rotation barrier, the average activation enthalpy
is about 80 kJ mol�1, versus a value less than 70 kJ mol�1


for secondary peptide bonds in dipeptides.10 The rate
constants for cis/trans isomerization of peptidyl–prolyl
bonds range from 0.1 to 0.01 s�1. Due to its slow isomer-
ization kinetics, the peptidyl–prolyl bonds are the origin
of kinetic barriers for protein folding and it is not surprising
that nature has developed catalyts which are specific and
efficient for this kind of hindered rotations, such as the
peptidyl–prolyl cis/trans-isomerases, which are highly
conserved and ubiquitous rotamase enzymes.1,2,6

METHODS TO STUDY THE CIS/TRANS
ISOMERIZATION OF THE PEPTIDE
AMIDE BONDS


As the configuration of peptide bonds is definitive for the
activity of the biomolecules such as peptides or proteins,2


investigation of this equilibrium as well as its shifting is
important. Hence, we will discuss various methods used
to study the equilibrium of the native peptide bonds, the
photoresponsive peptide derivatives, such as the peptides
containing photochromic moiety, or more recently the
intrinsic photoresponsive thiopeptide bonds.


Some of the representative methods used in the study of
cis/trans isomerization of peptide amide bond are the
chymotrypsin-coupled assay,11–14 pH-mediated solvent
jump,10 NMR spectroscopy (magnetization transfer or the
saturation transfer method),15–19 UV-resonance Raman
spectroscopy,20–22 low temperature vibrational spec-
troscopy such as the time resolved IR spectroscopy,
etc.23,24

O
O


N
O


trans (  = 180 )°ω cis (  = 0 )°ω


Figure 4. Cis and trans isomers of prolyl peptide bonds. In
the trans form, the two flanking C atoms around the C–N
bond are on the opposite side of the rotating C–N bond
(dihedral angle v¼ 1808). In the cis form, the two flanking C
atoms are on the same side of the C–N bond (dihedral
angle v¼08)
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Chymotrypsin-coupled assay: Cis/trans
isomerization of the peptidyl–prolyl bonds


Cis/trans isomerization of imidic peptide bonds preced-
ing proline, that is, -Xaa-Pro-, is an essential process for
unfolded or denatured protein to gain its right confor-
mation and thus the desired activity. This kind of
isomerization has been extensively studied, mainly with
the chymotrypsin coupled assay, developed by Fischer
and coworkers et al.1,2,11–14,25,26 This enzyme-coupled
assay exploits the configuration specificity of chymo-
trypsin-mediated hydrolysis of the amide bonds,11b so
that only the peptide isomers with trans conformers at
the P2–P3 position can be hydrolyzed.11a For example,
a short peptide of Suc-Val-Pro-Phe-pNA (where
pNA stands for 4-nitroaniline) is hydrolyzed by chymo-
trypsin between the Phe and pNA amino acid residue only
if the Val-Pro peptide bond is in the trans configuration.
When the reaction is started by mixing the substrate and
chymotrypsin together, a burst phase first appeared, due to
the instant and complete hydrolysis of the existing trans
isomers in the equilibrated solution, thereafter only the cis
isomers are left. During the relatively slow re-equili-
bration of the conformers (the cis! trans transition), the
newly formed trans conformers will be hydrolyzed
instantly and the kinetics can be analyzed by following
UVabsorption of the released pNA at 390 nm. It should be
pointed out that in this case the hydrolysis kinetics is, and
should be, much faster than isomerization rate constants.
A typical UV–Vis absorption time curve following the
hydrolysis is illustrated in Fig. 5.27


By observing the kinetics with UV–Vis absorption of
the released pNA at 390 nm, the cis to trans isomerization
rate constants can be determined as kcis! trans¼ 5.3�
10�3 s�1.27 This method has been used widely in the study
of isomerization of peptidyl–prolyl peptide bonds (-Xaa-

0 200 400 600 800 1000 1200 1400


0.20


0.25


0.30


0.35


0.40


0.45


cis to trans isomerization


burst phase


A
bs


 a
t 3


90
 n


m


t / s


Figure 5. Cleavage of pNA moiety from peptide of
Ala-Ala-Pro-Phe-pNA with chymotrypsin. Starting the reac-
tion by injection of substrate peptide into the chymotrypsin
solution in HEPES buffer (pH7.8, 10 8C), then monitor UV
absorption of the solution at 390 nm. The burst phase (red
line) represents the instant hydrolysis of the pre-existing trans
conformers. Thereafter the cis! trans re-equilibration of the
Ala-Pro tertiary amide bond (blue line) is characterized by a
slower kinetics27. This figure is available in colour online at
www.interscience.wiley.com/journal/poc
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Pro-). However, it is not suitable for the study of cis/trans
isomerization of normal secondary peptide bonds, which
are not the substrates for chymotrypsin.

pH-mediated solvent jump method


The ionization state of the unprotected peptide is
pH-dependent. As the static attraction of the terminal
groups, which is determined by the ionization state
(Fig. 6a), imposes an effect on the cis/trans equilibrium,
thus the cis/trans configurational equilibrium of the
unprotected peptide can be shifted by variation of the pH
of the peptide solution, hence the re-equilibration of the
cis/trans conformers can be studied by a pH-mediated
solvent jump method.10 Also demonstrated in Fig. 6 is the
effect of ionization state on the energy of the cis and trans
configurations and transition state. For the zwitterionic
forms of the peptides, the rotation barrier increased but
the free energy difference (DG8) between the cis and the
trans conformers decreased (Fig. 6b), thus, the zwitter-
ionic forms are characterized with a slow cis/trans
isomerization and a higher cis content in the equilibrated
peptides solution.10,28 The relationship between the pH of
the solution and the cis/trans isomerization rate constants
can be correlated with the modified Henderson–Hassel-
balch equation.10,28


To study the cis/trans isomerization of peptide bonds
with pH-mediated solvent jump method, it is essential to
find a suitable spectroscopic signal to follow the
re-equilibration process. Recently it was found that
UV-Vis absorption of the peptide amide bonds are
conformer specific.10 Thus, the cis/trans isomerization of
the secondary peptide bonds can be easily monitored by
UV-Vis absorption. Although the perturbation of the
equilibrium with pH-mediated solvent jump is small, as
well as UV absorption changes, yet such a convenient
experimental approach will greatly facilitate the related
research.


The pH-dependency of the cis/trans isomerization rate
constants of the secondary peptide bonds (Gly-Gly)
studied with pH-mediated solvent jump is illustrated in
Fig. 7.10 Due to the fast kinetics of the cis/trans
isomerization of the secondary peptide bonds, the
experiment has to be carried out with the stopped-flow
instrument, to ensure the mixing process of two different
solutions to be finished within a short period of time on
much smaller timescale than that of the cis/trans
isomerization kinetics of the peptide bonds.


It is supposed that the zwitterionic form shows the
strongest attraction between the terminal groups, thus
isomerization in the neutral pH range will cross a higher
barrier than in acidic or basic pH ranges (Fig. 6). Smaller
isomerization rate constant was found for Gly-Gly in
neutral pH range. In Fig. 7, the pKa values for carboxyl
and the amino groups are 3.1 and 8.08, respectively).10
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Figure 6. (a) pH effect on the ionization state of the unprotected peptides Gly-Gly. Note the ionization state of the
unprotected peptides is dependent on the pKa values of the amino and carboxyl groups.10 (b) Schematic representation of
the effect of the ionization state of the peptides on the energy of the cis (red) and trans (green) configurations and transition
state of the cis/trans isomerization.


Figure 7. Effect of pH on the cis/trans isomerization rate
constants (kc/t) of the amide bond in dipeptide Gly-Gly. The
solid line is the calculated curve. Reprinted with permission
from Ref. 10. Copyright# (2001) American Chemical Society
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The activation parameters of isomerization (DHz and
DSz) can be obtained by studying the temperature
dependence of the cis/trans isomerization kinetics. The
rotational barrier (DGz) is low for the secondary peptide
bonds, thus isomerization rate constant is too large to allow
any cis/trans conformation–bioactivity correlation studies.
For example, at neutral or slightly acidic pH, theDGz value
is 75.3 kJ mol�1 for Gly-Gly, accordingly the rate constant
is 0.289 s�1. Therefore the cis conformers, generated by
whatever method, will isomerize to the trans conformers
within a short period of time which is less than 5 s.


UV-resonance raman spectroscopy


This method was used for measurements of the cis/trans
isomerization rate constants as well as for cis/trans

Copyright # 2007 John Wiley & Sons, Ltd.

conformers’ ratio determinations at the equilibrated state,
as each isomers gives different Raman scattering
intensity.20–22


The trans! cis isomerization of NMA and Gly-Gly is
achieved with laser irradiation at 206.5 nm. The contents
of the cis conformers in the equilibrated mixture was
determined from the Raman scattering intensities at 1492
and 1487 cm�1 for N-methylacetamide (NMA) and
Gly-Gly, respectively.20 The cis! trans back-isomeri-
zation rate constant at room temperature is about 2.3 s�1


for NMA and the corresponding activation barrier is
Ea¼ 57.8� 3.3 kJ mol�1. For Gly-Gly, a barrier of Ea¼
46.1� 2.9 kJ mol�1 was observed and isomerization
rate constants range from 0.288 to 0.675 s�1 (pH-
dependent).10 The temperature dependence of the relative
cis and trans contents (determined with the respec-
tive Raman scattering intensity) is used to determine the
Gibbs free energy gaps between the two ground state
isomers. An energy gap of 10.9� 1.7 kJ mol�1 for NMA
and 13.0� 2.1 kJ mol�1 for Gly-Gly were determined
(the trans isomers are more stable). Photoisomerization
quantum yields for trans! cis transition are 0.12� 0.02
and 0.075� 0.01 for NMA and Gly-Gly, respectively.
However, short UV irradiation wavelength is required for
the excitation of the normal peptide amide bonds, thus
photodecomposition is inevitable.


NMR methods


With the NMR method, there is no need for an external
stimuli to shift the existing equilibrium of the cis and the
trans conformers of the peptide. For example, the rotation
of the Ala-Tyr unit in various solvents has been studied by
the NMR line-shape analysis, from which isomerization
rate constants can be derived.16 Peptide bonds adjacent to
the aromatic amino acid were found to be with a cis
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Figure 8. Catalysis of cis/trans isomerization over the amide
C–N bond by intramolecular hydrogen bond formation
(X¼ anions of weak organic acids)17
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isomer population ranging from 0.1 to 1% depending on
the temperature. The rate constant of the trans! cis
isomerization for zwitterionic Ala-Tyr is 2.4� 10�3 s�1


at 298 K, but the reverse cis! trans isomerization is
much faster (0.6 s�1). It is also found that extending the
peptide chain in both directions of the Ala-Tyr moiety
leads to a decrease of both the cis content and the rotation
barrier of the cis! trans isomerization. The linear
Arrhenius plots gave Ea value of 76.7� 1.5 kJ mol�1


for the dipeptide Ala-Tyr, whereas this value is decreased
to 64.6� 1.5 kJ mol�1 in the pentapeptide of Ala-Ala-
Tyr-Ala-Ala.


Besides the peptides, the amide bonds in some small
organic molecules also demonstrated restricted rotations.
The cis/trans isomerization of these amide bonds have been
also extensively studied with NMR method.17,18,29–38 With
the magnetization saturation transfer experiment, it is
proposed that hydrogen bond donation to the amide nitrogen
by charged proton donors may play a significant role in the
enzymatic catalysis of amide isomerization.17 Stoichio-
metric and even catalytic quantities of weak acids in
aqueous solution can efficiently catalyze the amide
isomerization (Fig. 8). The presence of an intramolecular
hydrogen bond has been proposed to play also a key role in
the catalysis of amide isomerization by peptidyl–prolyl
isomerases (PPIases).2,6b

Theoretical calculations


Besides the experimental approach, theoretical calcu-
lations provide a complementary insight into isomeriza-
tion of peptide bonds.39–41 For example, the rotational
barriers for N,N-dimethylformamide and N,N-dimethyl-
acetamide have been investigated by calculations at the
G2(MP2) level. An examination of the geometries of
amides revealed that the lower barrier for acetamide
resulted mainly from a ground state methyl–methyl
repulsive interaction.42


Furthermore, with ab initio molecular orbital calcu-
lations, the rotational barriers of thioformamide and
formamide were also compared and the higher rotation
barrier for thioamide was explained. 42b The amino group
of thioformamide is less ‘floppy’ than that of ordinary
amides. The change in charge density at sulfur atom on
rotation of the amino group in thioformamide is much

Copyright # 2007 John Wiley & Sons, Ltd.

greater than that at the oxygen atom in formamide.
Therefore, the traditional amide resonance concept is
more appropriate for thioamides than for normal amides.
The small difference in electronegativity between carbon
and sulfur and the larger size of sulfur are the major
factors that allow charge transfer from nitrogen atom to
sulfur atom in thioamides. Thus, a high rotation barrier is
resulted in thiopeptide bond than the normal peptide
bonds. Such a minor difference may impose significant
effect on the related properties of the amide bond, which
are also found in urea’s reactivity. For example, the
affinities of the urea and thiourea derivatives towards
anions like fluoride (F�), differ drastically.43

PHOTOSWITCHING OF THE PEPTIDE
CONFIGURATION


It is known that the cis/trans configurations of peptide
amide bond is photoswitchable.20–22 However, as the cis/
trans isomerization is fast and the rotation barrier is low,
therefore, photoswitch of the normal peptide amide bond
is not significant for the conformation modulation of the
peptides and proteins.


In order to make the conformation of the peptide or
protein photoswitchable, usually a photoresponsive group
is introduced, either incorporated or appended to the main
chain of the peptide. The azobenzene group has been
widely used for this purpose.5,44–48 In this case, however,
isomerization constraint of the azobenzene group is
transmitted to the peptide chain via flexible bonds,
therefore, it is impossible to predict which of the amide
bonds undergoes isomerization. For the photoswitch of
the native peptide amide bond (and also for the thio-
peptide bond, see Section ‘Photoswitching the thiopep-
tide C—N bonds’), however, it is the rotation of the C—N
amide bonds (v) that initiates the conformational changes
of the peptide chain so that the isomerizing site can be
precisely controlled.

Control of the peptide conformation
with azobenzene moiety


To modulate the polypeptide conformation using photo-
chromic moieties, azobenzene unit has been success-
fully incorporated into peptides to control the conforma-
tions.5,44–50


For example, by incorporating azobenzene group into a
short peptide, the resulted monocyclic (4-amino)phenyl-
azobenzoic acid (APB) peptide folds into a well-defined
lowest energy structure as a trans-azo isomer (Fig. 9).44a


Upon photoisomerization, the trans-azo isomer is trans-
formed to the cis configuration, and then relaxes into a
less restricted trans configuration.


The trans conformers give an intense absorption band
at 350 nm, whereas the cis conformers absorb at 440 nm.
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Figure 9. Structure of the S-tert-butylthio-protected linear (1) and monocyclic (2) as well as of the disulfide-bridged bicyclic
(3) APB-peptide. Reprinted with permission from Ref. 44a. Copyright # (2000) John Wiley & Sons, Inc.
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Isomer specific UV–Vis absorption enables photoswitch-
ing of APB-peptide. With irradiation at 350 nm, some of
the trans isomers will be switched to the cis configuration.
Conversely, the cis conformers can be switched back to
the trans conformers by irradiation at 440 nm.


With NMR analysis of the APB-peptides 2, the signals
of the trans and cis conformers can be resolved from each
other. A full assignment of the NMR of the peptide
conformers can be carried out with the Nuclear Over-
hauser Effect Spectroscopy (NOESY) spectral analysis.
Inter-proton distance and dihedral angle were obtained
to construct the preferred conformations in solution
(Fig. 10).45 Photomodulation of the conformation is also
found for the APB-peptide 3.

Figure 10. Ensembles of 10 lowest energy structures of the
monocyclic APB-peptide 2 in (A) the trans-azo and (B) the
cis-azo configuration. Reprinted with permission from
Ref. 44a. Copyright # (2000) John Wiley & Sons, Inc.
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Similarly photoswitch of a photochromic moiety
incorporated in the polymer backbone can induce a
conformational change.49 For structure 4 (Fig. 11),49b


isomerization of azobenzene moiety can be directly
coupled to polymer backbone to control the conformation
of the polymer. The azo-modified polymers were soluble
in hexafluoro-2-propanol (HFP). Circular Dichroism
(CD) spectra demonstrated that the macromolecules
adopted a disordered structure in HFP, with azo unit in
either the cis or trans configuration. This means
isomerization of the azobenzene moiety cannot generate
an effective constraint on the polymer. However, when
appropriate amounts of methanol or 1,2-dichloroethane
were added to the HFP solutions, irradiation at 340 and
417 nm produced reversible formation of a helical and
random coil structure of the macromolecules (Fig. 12).49


Upon irradiation at 417 nm, the CD spectra of the
modified polymer changed dramatically, due to the con-
formation changes of the polymer caused by isomerization
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Figure 11. Structures of the azobenzene appended pep-
tides 4, 5 and the low molecular weight compound 6.
Reprinted with permission from Ref. 49b. Copyright #


(1996) American Chemical Society
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Figure 12. (a) Absorption spectra of compound 5 and 6 in hexafluoro-2-propanol (HFP). 1: Dark-adapted polymer.
2: Photostationary state upon irradiation at 340 nm. 3: Intermediate spectrum before reaching the photostationary state.
4: Photostationary state upon irradiation at 417 nm. 5: Pure-cis isomer of 6; (b) ellipticity of 5 at 222 nm in HFP/MeOH solvent
mixtures and a-helix content percentage, as a function of methanol concentration, for the samples irradiated at 417 (——) and
340nm (- - -). For the compound numbers, refer to Fig. 11. Reprinted with permission from Ref. 49b. Copyright # (1996)
American Chemical Society
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of the azobenzene moiety. Under 417 nm irradiation, the
content of the a-helix increases from zero to 80%,
furthermore, the backward transition is also photoswitch-
able: with irradiation of the a-helix enriched polymer
solution at 340 nm, the photogenerated a-helix disappeared.
It was also found the a-helix content is pH-dependent
(Fig. 12b).49


Woolley and coauthors51 reported a water-soluble,
thio-reactive azobenzene compound which can be easily
used for peptide modification by reaction with the —SH
groups of peptides. Sulfonic groups are introduced to
improve the solubility of the modified peptide in aqueous

Figure 13. (a) Structure of the thio-reactive azobenzene derivati
peptide; (c) the sequence of the cross-linked peptide. The cystein
with permission from Ref. 51. Copyright # (2003) American Ch
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solution (Fig. 13a). This thio-reactive azo compound can
react with cysteine. It was found that the thermodyna-
mically stable trans form can stabilize the helix structure
of the peptide(Fig. 13b). With photoswitch to the cis
conformer (85% at the photostationary state), however,
isomerization constraint destabilizes the helix and
unfolding of the peptide is resulted. The content of the
helical forms is decreased from 65 to 35% with
photoswitch of the azobenzene moiety from trans to
cis configuration. Drastic changes in UV–Vis absorption
and CD spectra of the peptide upon photoswitching are
also observed.51

ve; (b) trans- and cis-azobenzene isomers of the cross-linked
e side-chains and cross-linker are shown as sticks. Reprinted
emical Society
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Besides the cis/trans isomerization rates, the photo-
stability, and the thermal relaxation kinetics of the bistable
states, the excitation wavelength of isomerization is also of
great importance because using short excitation wave-
lengths gives rise to many problems, for example, the poor
ability to penetrate biological tissue, or damage to the
protein or DNA. A photoresponsive azobenzene moiety
with longer excitation wavelength was developed recently
(Fig. 14).52 The characteristic absorption of compound 7 is
about 480 nm, longer than that of the previously reported
photoresponsive azobenzene moieties.


Based on molecular modeling and the CD spectra
(Fig. 15), it is predicted that the cis isomer of the
azobenzene unit will induce random coiling confor-
mation, while the trans isomer of the azobenzene will
induce a-helix conformation. With cross-linked JRK-7
peptide (Fig. 14b), however, a different result was
observed, that is, the cis isomer of the azobenzene moiety
induces higher a-helix content.


Beside the azobenzene groups, other photochromic
moieties,5a such as the spiropyrans,53 were also used for
photoswitching the peptide conformers.

Figure 15. (a) Cis to trans relaxation of the azobenzene
moiety in cross-linked FK-11 peptide associated with an
increase in peptide helix content; (b) time-dependent Cir-
cular Dichroism (CD) signal at 225 nm of the cross-linked
FK-11 observed during the cis to trans relaxation. Reprinted
with permission from Ref. 52. Copyright# (2006) American
Chemical Society

Photoswitching the thiopeptide C—N bonds


Thiopeptide bond has attracted considerable interest
because of its effects of conformation restriction,
enhanced proteolytic stability, and modulable activity
and selectivity on the peptide or proteins. It has been
shown that the thioxylated peptide bond is photoswitch-
able and that the cis conformer can be generated by
irradiation.54 For the thioxylated peptidyl–prolyl bond,
the increase in cis conformers can also be achieved by a
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Figure 14. Azobenzene dye 7 and the structure of the azobenzene cross-linked (a) FK-11 and (b) JRK-7 peptide. Reprinted with
permission from Ref. 52. Copyright # (2006) American Chemical Society
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Figure 16. CD spectra of the cis- and trans-conformers of
peptide Tyr-C[CS-N]-Pro-Phe-Phe-NH2 (9) with irradiation.
Equilibrated peptide 9 (...), trans-9 (——), and cis-9 (-----).
Inset: The cis/trans isomerization of peptide 9 monitored
with the ellipticity at 277 nm (kobs¼ (5.38�0.02)�
10�4 s�1). Sodium phosphate buffer (0.01M, pH 7.4),
2� 10�4M, 313K. Reprinted with permission from Ref.
59. Copyright # (2000) John Wiley & Sons, Inc.
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Figure 17. UV–Vis absorption spectra of peptide
Phe-C[CSNH]-Ala with UV irradiation. Peptide (1.4�
10�4mol dm�3) in 5.0� 10�2mol dm�3 sodium phosphate
buffer (pH 7.0), 289K. Before irradiation (solid line), after
3min of irradiation at 254 nm (dot-dash line), re-equilibrated
peptide after three cycles of irradiation-re-equilibration
(solid circles). Inset: difference UV spectrum during irradia-
tion (cis isomer has a stronger absorbance in the 275–
325 nm region). Reproduced by permission from Ref. 58
Copyright # (2003) Royal Chemical Society
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slow thermal equilibration process,55 which does not take
place for secondary peptide bonds. For the latter, a
synthetically demanding conformation–restriction method
has to be used to obtain the thermodynamically unfavorable
cis conformers.56,57 It should be pointed out that the starting
point for the cis/trans equilibration of the peptide amide
bonds, either the normal amide bonds or the thioamide
bonds, is the thermodynamically stable trans conformer. For
the secondary amide bonds, as the trans conformers are less
sterically hindered (the energy of the cis configuration is
much higher than the trans conformers), hence the cis
contents in the equilibrated solution are very low. For
the tertiary peptide bonds, however, the cis and trans
conformers have the similar energy, hence, the content of
the cis isomer will increase by a slow kinetics in solution.55


Recently, it was observed that the secondary thiopep-
tide bond is dual-directional photoswitchable,28,58 that is,
it can be photoswitched from trans configuration to cis
configuration and vice versa; this is different from the
reported N-alkyl thiopeptide bonds.59 Much slower
isomerization rate constants compared to those of the
normal peptide amide bonds were observed for the
thiopeptides.28 The rotation barrier of the secondary
thiopeptide bond is determined as about 85 kJ mol�1 and
the rate constants for the cis/trans isomerization are on the
scale of 10�3 s�1. Thus, in principle the thiopeptide can
be used for the conformer–bioactivity correlation
study.28,58,59 Except the unique example with thiopepti-
dyl–prolyl bond in a dipeptide,55 this is nearly an
unexploited field.


Similar to the normal secondary amide bonds, the cis/
trans equilibration of the secondary thiopeptide bond can
also be shifted with the pH-mediated solvent jump
method.28


Different from the normal amide bond, for which the
photodecomposition is considerable due to the short
excitation wavelength, the absorption of the thiopeptide is
red-shifted to 270 nm, thus no serious photodecomposi-
tion was observed during the photoswitching stud-
ies.28,58,59


Fischer and coworkers reported photoswitching of a
tetrathiopeptide of endomorphine Tyr-C[CS-N]-Pro-Trp-
Phe-NH2 (8) and Tyr-C[CS-N]-Pro-Phe-Phe-NH2 (9).59


Although UV–Vis absorption spectra did not yield
significant variation, yet with CD spectra, it was
demonstrated that the thiopeptidyl–prolyl bond is signi-
ficantly photoswitchable (Fig. 16). The proof of the
photogenerated cis conformers was unambiguously
observed with Capillary Electropherogram (CE), in
which the cis and the trans conformers of the tetrathio-
peptide were separated. The cis isomers were isolated as
pure species by HPLC, this success to observe and isolate
the thermodynamically unstable cis conformers is due to
its slow relaxation (lifetime is about 1 h at room tem-
perature).59


Different from the peptidyl–prolyl thiopeptide bonds,59


UV–Vis absorption of cis and trans conformers of the
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secondary thiopeptide Phe-C[CSNH]-Ala are drastically
different,28,58 which makes a dual-directional photo-
switch possible (Fig. 17) because suitable wavelength can
be found to excit trans and cis conformers separately.
Capillary electrophoresis (CE) was also used to observed
the cis conformers generated by photoswitch. It was also
found that the cis conformers can be photoswitched back
to the trans conformers.58 As it is shown that secondary

J. Phys. Org. Chem. 2007; 20: 810–820


DOI: 10.1002/poc







CIS/TRANS PEPTIDE AMIDE BONDS: ISOMERIZATION AND PHOTOSWITCHING 819

peptide bonds are also important for the folding of
protein, thus the photoswitch of the secondary thiopeptide
bonds offers an alternative for the efficient photomodula-
tion of the activity of peptides or proteins. It has been
shown that the activity of the thioxylate-RNase can be
photomodulated.28,60 We propose that conformation of
the modified RNase is photomodulable but no study has
been carried out on the lowest energy structure of the
cis- and trans-configurations.


Very recently a study on the photoswitch of the cis/
trans isomerization of the thioamide bond inN-methylthio-
acetatamide with transient IR spectroscopy and theoreti-
cal calculations has shown that the photoswitch is a fast
process; the formation time of the cis configuration is
about 8–9 ps.24,40


Isomerization of thioamide bonds was also studied
with transient resonance Raman spectroscopy.61 It was
shown that the transition from trans to cis is a fast process
on timescale of 5 ns. Isomerization is likely to take place
after intersystem crossing of the excited states from the
1p�p to the 1p�ns state, although the possibility of direct
isomerization from 1p�p state was not completely ruled
out.61 The reason for the discrepancy of isomerization
rate constants determined by the different methods is
unclear.


For the azobenzene-based photoswitchable system, it is
impossible to predict which peptide bond in the main
chain of the polymer/peptide will be switched. With the
photochromic thiopeptide bonds, the photoswitch site on
the main chain of the peptide can be precisely controlled.
At the same time, the perturbation of the structure of
peptide is minimal compared to the use of other
photochromic moieties, 5b,40 because in the thioamide
peptide bond there is only one substitution of an oxygen
atom by sulfur.

SUMMARY AND PERSPECTIVES


The basic property of the amide bonds is its hindered
rotation about the C—N bond, due to the delocalization of
the carbonyl group over the C—N bond. This restricted
rotation caused conformation heterogeneity of the
peptides or proteins and cis/trans isomerization of the
peptide bonds are important for the biological processes
involving peptide or protein, such as folding and
unfolding of proteins. The methods used for the study
of the cis/trans isomerization of the peptide amide bonds
were discussed. Many efforts have been made to
photomodulate the conformation of polypeptides. It
was demonstrated that the azobenzene moiety incorpo-
rated in the peptide can switch its conformation efficiently.
With novel photochromic groups, such as thioamides, that
show longer excitation wavelength, high isomerization
yields, fast isomerization kinetics and stable cis
conformers, more applications could be made to control

Copyright # 2007 John Wiley & Sons, Ltd.

the conformation as well as the bioactivities of peptides or
proteins.
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12. Mutter M, Wöhr T, Gioria S, Keller M. Biopolymers 1999; 51:
121–128.
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ABSTRACT: Solvolyses of monomethoxy- and dimethoxyphenyl(phenyl)iodonium (ArIþPh) tetrafluoroborates were
carried out in methanol and 2,2,2-trifluoroethanol (TFE) at 130 8C. The solvolysis products include alkoxide
substitution products (ArOR and PhOR) as well as iodoarenes (PhI and ArI). The ratios of ArOR/PhOR range from
8/2 to 4/6. The results are argued against formation of aryl cation. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: diaryliodonium salt; phenyl cation; ligand coupling; nucleophilic aromatic substitution

INTRODUCTION


Phenyl cation is one of the most unstable carbocationic
intermediates of mechanistic interest.1 Considerable
attempts have been undertaken for solvolytic generation
of phenyl and substituted phenyl (aryl) cations, but the
only definitive method for generation of these cations was
dediazoniation of arenediazonium salts.2,3 Hyperconju-
gatively stabilized aryl cations were successfully gener-
ated by another method, solvolysis of 2,6-bis(trimethyl-
silyl)phenyl triflate (Scheme 1).4


Although the parent phenyl cation is quite unstable, an
ortho-silyl group can stabilize it hyperconjugatively.1,4


Electron pair-donating meta substituents are also pointed
out to stabilize the phenyl cation by conjugation taking a
non-planar partially allenic structure (Fig. 1).1,5,6 This
type of conjugation was suggested to lower the barrier for
the SN1 solvolysis of 3,5-diaminophenyl triflate.6


Iodonium salts are much better progenitors for
generation of unstable carbocationic species due to the
high nucleofugality of the iodonio group.7 Vinyl
iodonium salts have been used to generate vinyl cations.8


Diaryliodonium salts should similarly become good
precursors for stabilized aryl cations.


Hydrolysis of diaryliodonium salts was investigated
long time ago, in the hope of generating an aryl cation
by SN1-type solvolysis in a similar manner to that of
diazonium salts. However, the reaction including 3- and
4-methoxy derivatives was suggested to occur by some
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complicated mechanism without intermediary formation
of aryl cation.9 A more stabilized 3,5-dimethoxyphenyl
cation may have more chance to be formed from the
corresponding diaryliodonium salt. In the present investi-
gation, 3,5-dimethoxyphenyl(phenyl)iodonium tetra-
fluoroborate as well as 3- and 4-methoxyphenyl
iodonium salts has been prepared and subjected to
alcoholysis.

RESULTS AND DISCUSSION


Solvolysis of diaryliodonium salts


Tetrafluoroborate salts of 3,5-dimethoxyphenyl(phenyl)
iodonium (1a) and 3-methoxyphenyl derivative (1b) were
prepared from phenylboronic acid and the corresponding
methoxy-substituted (diacetoxyiodo)benzenes. The 4-
methoxyphenyl iodonium salt (1c) was prepared accord-
ing to the literature procedure.10


Solutions of diaryliodonium tetrafluoroborates 1a–c in
methanol and 2,2,2-trifluoroethanol (TFE) were heated in
a sealed Pyrex tube at 130 8C for 1–7 days. The products
were analyzed by gas chromatography (GC) with FID and
MS detectors in comparison with authentic samples. The
products include alkoxide substitution products 2–5 and
iodoarenes, PhI and ArI. Yields of the products were
determined by an FID detector of GC with tetra(ethylene
glycol) dimethyl ether as an internal standard, and the
results are summarized in Tables 1 and 2. On injection of
the iodonium substrate 1 as an alcoholic solution into the
GC column, 1 decomposes to give a mixture of
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Figure 1. Conjugation with meta substituents.
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iodoarenes, PhI and ArI, but no detectable alkoxide
substitution products 2–5. Thermolysis of 1a and 1b gave
a 55:45 mixture of PhI and ArI, and that of 1c gave a
34:66 mixture. Thus, the yields of PhI and ArI in Tables 1
and 2 are partially derived from the unreacted iodonium
substrate if it remains.


During the solvolysis of 1 in TFE, yields of substitution
products 2 and 3 slightly increased with reaction time, but
the ratio of 2 and 3 did not much change with time.
Iodoarenes, PhI and ArI, must form as counterpart
products of 2 and 3, respectively. Although yields of the
iodoarenes are affected by thermal decomposition of
the remaining iodonium substrate during the GC analysis,
the ratio of PhI/ArI is consistent with that of 2/3.
Solvolysis of 1a gave more 2a than 3 (2/3¼ 8/2); that is,
the carbon—iodine bond cleavage occurs more readily on
the side of the dimethoxyphenyl group than at the phenyl
group of 1a. The ratio of 2/3 (¼7/3) from 1b is only
slightly smaller than that from 1a, while the reaction of 1c
gave the ratio 2c/3 less than unity (4/6). Relative ease of

Table 1. Solvolysis of 1 in 2,2,2-trifluoroethanol at 130 8Ca


1
3,5-(MeO)2C6H3


3-MeOC6H4


4-MeOC6H4


a : Ar =


b : Ar =


c : Ar =


CF3CH2OH
+ PhOCH2CF3


2 3
130 oC


ArOCH2CF3Ar I
Ph


BF4


1 Time (h)


Yield (%)


2 3 PhI ArI 2/3


1a 20 13 3 40 28 8/2
1a 45 22 5 42 24 8/2
1a 90 23 4 42 24 8/2
1b 22 13 5 31 22 7/3
1b 70 21 10 38 25 7/3
1b 166 37 16 42 24 7/3
1c 93 13 24 22 40 4/6
1c 340 21 27 42 57 4/6


aYields were determined by GC.


Copyright # 2007 John Wiley & Sons, Ltd.

the aryl—iodine bond cleavage for methoxy-substituted
diphenyliodonium salts 1 can be summarized as
Ar¼ 3,5-dimethoxyphenyl> 3-methoxyphenyl> pheny-
> phenyl> 4-methoxyphenyl.


A similar tendency of product distribution of 4/5 was
observed for the solvolysis in methanol, but the radical
reaction pathways are also apparent in this solvent as
described below. An appreciable amount of
1,3-dimethoxybenzene (6), ArH, was obtained during
the methanolysis of 1a. The corresponding radical
product ArH is anisole (5) for the reaction of 1b and
1c, and it has the same structure as the methoxide
substitution product at the unsubstituted phenyl–iodine of
the substrate. Thus, the ratios of 4/5 observed in the
methanolysis are disturbed by the homolytic reactions.
Nonetheless, the value of 4a/5 observed for 1a must
reflect the heterolytic reaction: the 4a/5 value of 8/2 in
methanol is quite similar to the 2a/3 value obtained for the
solvolysis of 1a in TFE.


A homolytic pathway may occur via one-electron
reduction of the iodonium substrate 1 as illustrated in
Scheme 2. Homolysis of the molecular radical formed
leads to aryl radical (Ar.) and iodobenzene (PhI) or phenyl
radical (Ph .) and iodoarene (ArI). The radical intermedi-
ates must abstract hydrogen from the solvent to give ArH
(6 or 5) or benzene. To distinguish the heterolysis product
from the radical product, methanolyses of 1b and 1c were
carried out in methanol-d4. The GC-MS analyses show
that the anisole obtained from 1b or 1c has molecular
peaks both atm/z¼ 109 (anisole-d1) and 111 (anisole-d3),
and their relative intensities are 12 and 100% (from 1b) or

Table 2. Solvolysis of 1 in methanol at 130 8Ca


Ar I
Ph


BF4
MeOH


ArOMe + PhOMe


4 5
130 oC


1a-c


1 Time (h)


Yield (%)


4 5 PhI ArI 4/5


1a 20b 6 1 56 44 8/2
1a 45c 6 1 56 44 8/2
1b 22 16 26 37 27 4/6
1b 70 15 25 37 26 4/6
1c 21 13 22 24 42 4/6
1c 164 15 23 24 39 4/6


aYields were determined by GC.
b 1,3-Dimethoxybenzene (6) was obtained in 25% yield.
c Dimethoxybenzene 6 was obtained in 26% yield.
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13 and 100% (from 1b). The anisole-d1 and anisole-d3
must arise from the homolytic and heterolytic pathways,
respectively, and the former pathway occurs to the extent
of about 10% in the reactions of 1b and 1c.


In contrast to the reaction in methanol, no methoxy-
benzenes (ArH) were observed in the reaction in TFE.
Thus, the radical pathway can be excluded in the reaction
in TFE. This may be due to the poor electron-donating
ability of TFE in comparison with methanol. Direct
homolysis of 1 could be an alternative pathway for
generation of aryl radicals, but this process may not be
much dependent on the solvent.


In order to compare the selectivity of bond cleavage,
reaction of 1 with a bromide nucleophile was examined.
The reaction with tetrabutylammonium bromide was
carried out in chloroform at 55 8C to give both
bromomethoxybenzene 7 and bromobenzene (8) as well
as iodo products. The ratios of 7/8 are given in Scheme 3.
This reaction is considered to proceed via ligand coupling
of the intermediate l3-bromoiodane, and it was found that
the phenyl ring carrying more electron-withdrawing
group(s) tends to combine with the bromide ligand.11 The
present results are within this general tendency.

Possible mechanisms for the solvolysis


Three possible pathways are conceivable for the
heterolytic reaction of the solvolysis of diaryliodonium
salts 1 as illustrated in Scheme 4. The SN1-type reaction
via aryl cation was first considered. The relative stabilities
of the aryl cations were evaluated by MO calculations at
the level of MP2/6-31G�//RHF/6-31G�, and the stabil-
ization energies by 3,5-dimethoxy, 3-methoxy, and
4-methoxy substitution of phenyl cation are 14.99,
4.62, and 0.09 kcalmol�1, respectively.6b If the transition
state for the SN1 solvolysis has a character of the aryl
cation, the ratio of the substitution products 2/3 should
depend on the stabilization energy: Relative ease of aryl
cation formation is expected to be 3,5-dimethoxyphenyl

BrNBu4
+ PhBr


7 855 oC


ArBr
CHCl3


Ar I
Ph


BF4


1


3,5-(MeO)2C6H3


3-MeOC6H4


4-MeOC6H4


a : Ar =


b : Ar =


c : Ar =


6/4


5/5


1/9


PhI+ + ArI


4/6


5/5


1/9


Scheme 3. Reaction of 1 with tetrabutylammonium bro-
mide (0.1M) in chloroform at 55 8C
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>> 3-methoxyphenyl> 4-methoxyphenyl� phenyl from
the calculated stabilization energies. The results given
in Table 1 show rather small difference between aryl- and
phenyl—iodine bond cleavages, and are not consistent
with the SN1 mechanism. The optimized geometry of the
aryl cation stabilized by the meta-electron-donating
group has a non-planar structure.1,5,6 That is, large
deformation accompanies with formation of the stabilized
aryl cation. At the transition state of the SN1 solvolysis,
this deformation may not much develop, and the
conjugative stabilization may not be attained to promote
the solvolysis. In contrast, hyperconjugative stabilization
of the phenyl cation by the ortho-silyl group does not
require such deformation. This is why 2,6-disilylphenyl
triflate undergoes SN1 solvolysis.1 3,5-Dipyrrolidinyl-
phenyl cation was evaluated to show large stabilization
(51.83 kcalmol�1 at MP2/6-31G�//RHF/6-31G�)6b com-
pared with 2,5-disilylphenyl cation (39 kcalmol�1 at
RHF/6-31G�),5b but the relative solvolysis rates for the
corresponding triflates are opposite to those expected
from the cation stability.6


The other two pathways via ligand coupling and SNAr2
involve a solvent molecule(s) as a nucleophile in the
transition state, and they are admittedly not facile
processes in TFE. However, under the enforced con-
ditions employed, one of these processes may occur, and
the relative ease of the bond cleavages observed is not
inconsistent with expectation. The SNAr2 mechanism
should be concerted, if it occurs, due to the combination
of a poor nucleophile and an excellent leaving group.12

EXPERIMENTAL


General


Proton NMR spectra were measured on a JEOL ECA-600
spectrometer in CDCl3 solution and recorded using
residual CHCl3 as an internal reference (7.24 ppm). Mass
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spectrometers JEOL JMS-T100LC and JEOL Automass
System II were used for MS and GC-MS, respectively.
GC was conducted on a gas chromatograph Shimadzu
17A with TC-1 (i.d. 0.25mm� 30m). Methanol and
2,2,2-trifluoroethanol were simply distilled just before
use for reaction.


Preparation of iodonium salts, 1a–c


3,5-Dimethoxyphenyl(phenyl)iodonium tetrafluoroborate
(1a). A solution of 3-(diacetoxyiodo)-1,5-dimethoxyben-
zene (0.1 g, 0.38mmol) in dichloromethane (11mL) was
added dropwise to a solution containing phenylboronic
acid (0.085 g, 0.26mmol) and BF3�OEt2 (0.06mL,
0.5mmol) in dichloromethane (16mL) at rt. The solution
was stirred for 7min, and then quenched by NaBF4 aq.
The mixture was extracted with dichloromethane, and the
organic layer was concentrated in vacuo. Crystallization
of the crude mixture in dichloromethane-ether-hexane
gave 1a (0.030 g, 27% yield). 1H NMR (600MHz,
CDCl3) d 7.95 (d, J¼ 7.6Hz, 2H), 7.65 (t, J¼ 7.6Hz,
1H), 7.48 (t, J¼ 7.6Hz, 2H), 7.03 (s, 2H), 6.58 (s, 1H),
3.78 (s, 6H); MS (ESIþ) m/z (relative intensity, %) 341
(M—BF4, 100); HRMS (ESIþ) calcd for C14H14O2I
(M—BF4) 341.0039, found 340.9995.


3-Methoxyphenyl(phenyl)iodonium tetrafluoroborate
(1b). A solution of 3-(diacetoxyiodo)anisole (0.55 g,
1.6mmol) in dichloromethane (13.5mL) was added
dropwise to a solution containing phenylboronic acid
(0.50 g, 1.6mmol) and BF3�OEt2 (0.24mL, 1.9mmol) in
dichloromethane (7mL) at rt. The solution was stirred for
10min, and then quenched by NaBF4 aq. The mixturewas
extracted with dichloromethane, and the organic layer
was concentrated in vacuo. Crystallization of the crude
mixture in dichloromethane-ether-hexane gave 1b
(0.12 g, 19% yield). 1H NMR (600MHz, CDCl3) d
7.95 (d, J¼ 7.6Hz, 2H), 7.64 (t, J¼ 7.6Hz, 1H), 7.54 (s,
1H), 7.48 (t, J¼ 7.6Hz, 2H), 7.40 (d, J¼ 7.6Hz, 1H),
7.33 (t, J¼ 7.6Hz, 1H), 7.12 (d, J¼ 7.6Hz, 1H), 3.82 (s,
3H); MS (ESIþ)m/z (relative intensity, %) 311 (M—BF4,
100); HRMS (ESIþ) calcd for C13H12OI (M—BF4)
310.9933, found 310.9965.


4-Methoxyphenyl(phenyl)iodonium tetrafluoroborate
(1c) was prepared according to the literature method.10

Alcoholysis of 1


A sample of 1 (4mmol) was dissolved in 1mL of
methanol or TFE containing tetra(ethylene glycol)

Copyright # 2007 John Wiley & Sons, Ltd.

dimethyl ether (10mmol) in a Pyrex tube. The sealed
tube was left standing in an oven at 130� 5 8C for
20–200 h. Yields of the products were determined by GC
with tetra(ethylene glycol) dimethyl ether as an internal
standard. The mixture was analyzed by GC: the column
temperature was maintained at 100 8C during the initial
10min and then raised at the rate of 10 8Cmin�1. The
retention times of PhI, 3-iodoanisole, 4-iodoanisole, and
1,5-dimethoxy-3-iodobenzene were 4.8, 12.8, 13.2, and
18.2min, respectively. The retention times of 2a, 2b, 2c,
3, 4a, 4b, 4c, 5, 7a, 7b, 7c, and 8were 14.9, 7.2, 7.3, 3.15,
15.8, 8.0, 7.9, 3.23, 16.3, 8.8, 9.2, and 3.4min,
respectively.
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ABSTRACT: The phenolysis and benzenethiolysis of S-methyl 4-nitrophenyl thiocarbonate (1) and S-methyl
2,4-dinitrophenyl thiocarbonate (2) in water are studied kinetically. The Brønsted plots (log kN versus nucleophile
basicity) are linear for all reactions. The Brønsted slopes for 1 and 2 are, 0.51 and 0.66 (phenolysis) and 0.55 and 0.70
(benzenethiolysis), respectively. These values suggest a concerted mechanism for these reactions, as found in the
corresponding carbonates. Namely, substitution of OMe by SMe in the nonleaving group does not change the
mechanism. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/


KEYWORDS: phenolysis; benzenethiolysis; kinetics; thiocarbonates


INTRODUCTION


Although there have been some studies on the kinetics
and mechanisms of the phenolysis of thioesters1,2 and
thiocarbonates,1,3 the benzenethiolysis of thiocarbonates
has attracted less attention.4 The latter report investigates
the kinetics of the benzenethiolyses of alkyl aryl
carbonates and O-alkyl S-aryl thiocarbonates, and
discusses the effect of changing the oxygen atom in
the leaving group by sulfur. Nevertheless, to our
knowledge, there are no reports in the literature on the
benzenethiolysis and phenolysis of thiocarbonates where
the change of the oxygen atom of a carbonate by sulfur is
in the nonleaving group.


In this work, we examine the kinetics and mechanisms
of the phenolysis and benzenethiolysis of S-methyl
4-nitrophenyl and S-methyl 2,4-dinitrophenyl thiocarbo-
nates (1 and 2, respectively). By comparison of these
reactions with the phenolysis and benzenethiolysis of
the corresponding O-methyl carbonates (3 and 4),4,5 the
effect of substitution of O-methyl by S-methyl as the
nonleaving group will be assessed. Other goal is to


evaluate the effect of the nucleophile (phenoxide versus
benzenethiolate) on the kinetics and mechanism of these
reactions.


RESULTS AND DISCUSSION


For all the reactions, pseudo-first-order coefficients (kobs)
were obtained (under nucleophile excess). The exper-
imental conditions of the reactions and the values of kobs
are shown in Tables 1–4.


The rate law obtained for all the reactions studied is given
by Eqns (1) and (2), where P, S and ArX– represent the
product (either 4-nitrophenoxide or 2,4-dinitrophenoxide
anions), the substrate and a substituted phenoxide (X¼O)
or benzenethiolate (X¼ S) nucleophile, respectively; k0 is
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the rate coefficient for hydrolysis and kN is the rate
coefficient either for phenolysis or benzenethiolysis of the
substrate.


d½P�
dt


¼ kobs½S� (1)


kobs ¼ k0 þ kN½ArX�� (2)


The value of k0 was much lower than that of kN [ArX–]
in Eqn (2), except for the slow reactions of 2,3,4,5,6-
pentafluorophenol and 2,3,4,5,6-pentafluorobenzenethiol
with both substrates and those of thiolcarbonate 1 with
2,6-difluorophenol, where the kN [ArX–] term in Eqn (2)
was also small. The values of kN for all reactions were
obtained as the slopes of the linear plots of kobs versus
[ArX–], and were found to be pH independent. These kN


Table 1. Experimental conditions and kobs values for the phenolysis of S-methyl 4-nitrophenyl thiocarbonate (1)a


Phenoxide substituent pH FN
b 103[ArOH]tot


c/mol � dm�3 105kobs s
�1 no. of runs


4-OCH3 10.0 0.33 8.87–35.5 171–386 6
10.3 0.50 3.56–35.6 77.1–594 6
10.6 0.67 3.71–37.1 88.2–846 6


H 9.6 0.33 1.91–19.1 6.59–44.0 7
9.9 0.50 1.96–19.6 8.94–70.2 7


10.2 0.67 1.93–19.3 7.02–119 7
3-CN 8.3 0.33 1.54–15.4 1.62–15.5 7


8.6 0.50 1.32–13.2 3.65–26.8 6
8.9 0.67 3.31–13.2 9.47–32.4 6


4-CN 7.5 0.33 1.73–17.3 1.51–3.69 7
7.8 0.50 2.02–20.2 1.37–5.55 6
8.1 0.67 1.51–15.1 1.55–5.90 7


2,6-F2 7.5 0.7152 5.97–50.7 2.07–7.71 7
8.7d 0.9755 6.36–63.6 1.58–12.2 7
9.3d 0.9937 6.36–63.6 3.02–12.5 7


2,3,4,5,6-F5 8.5d 1.0 1.52–15.2 0.126–0.464 7
9.0d 1.0 1.41–14.1 0.453–0.678 6
9.5d 1.0 1.63–16.3 0.739–1.12 6


a In aqueous solution, at 25.0 8C, ionic strength 0.2mol � dm�3 (KCl).
b Fraction of free phenoxide.
c Concentration of total phenol (free phenoxide plus conjugate acid).
d Borate buffer 0.02mol � dm�3.


Table 2. Experimental conditions and kobs values for the phenolysis of S-methyl 2,4-dinitrophenyl thiocarbonate (2)a


Phenoxide substituent pH FN
b 103[ArOH]tot


c/mol � dm�3 103kobs/s
�1 no. of runs


4-OCH3 10.0 0.33 3.55–35.5 4.04–22.5 6
10.3 0.50 3.56–35.6 3.14–29.9 7
10.6 0.67 3.71–37.1 4.24–38.5 7


H 9.6 0.33 1.91–16.3 0.339–1.66 6
9.9 0.50 1.96–19.6 0.415–2.97 7
10.2 0.67 4.83–19.3 1.59–4.07 6


3-CN 8.3 0.33 1.54–13.1 0.078–0.831 6
8.6 0.50 1.32–13.2 0.211–1.54 6
8.9 0.67 1.32–13.2 0.254–2.03 6


4-CN 7.5 0.33 1.73–17.3 0.0504–0.29 6
7.8 0.50 3.78–15.1 0.0995–0.397 6
8.1 0.67 1.51–15.1 0.0376–0.538 6


2,6-F2 6.8 0.33 5.55–47.2 0.073–0.690 6
7.1 0.50 5.61–47.7 0.118–0.932 6
7.5 0.715 5.97–50.7 0.064–1.18 7


2,3,4,5,6-F5 8.5d 1.0 1.52–15.2 0.022–0.063 7
9.0d 1.0 1.41–14.1 0.0173–0.064 6
9.5d 1.0 1.63–16.3 0.044–0.102 7


a In aqueous solution, at 25.08C, ionic strength 0.2mol � dm�3 (KCl).
b Fraction of free phenoxide.
c Concentration of total phenol (free phenoxide plus conjugate acid).
d Borate buffer 0.02mol � dm�3.
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values are shown in Tables 5 and 6, together with the pKa


values of the series of nucleophiles employed.
Figure 1 shows the Brønsted-type plots obtained with


the values of kN and pKa in Tables 5 and 6 (measured
under the same experimental conditions).


The Brønsted-type plots for the reactions of the
two thiocarbonates, 1 and 2, are linear (Figure 1), with
slopes (b) 0.51� 0.06 and 0.66� 0.06, respectively, for
phenolysis, and 0.55� 0.05 and 0.70� 0.1, respectively,
for benzenethiolysis.


The values of the Brønsted slopes found for the title
reactions are in accordance with those obtained in the
concerted phenolysis of 2,4-dinitrophenyl acetate (b¼
0.57)6 and 4-chloro-2-nitrophenyl acetate (b¼ 0.64).7


They are also in agreement with those found in the
concerted phenolysis of 3-nitrophenyl, 4-nitrophenyl, and
3,4-dinitrophenyl formates (b¼ 0.64, 0.51, and 0.43,
respectively)8 and the corresponding acetates (b¼ 0.66,
0.59, and 0.53, respectively)8, and phthalic and maleic
anhydrides (b¼ 0.45 and 0.56, respectively).9 The
Brønsted slopes exhibited by the reactions under investi-
gation are also similar to those found in the concerted
benzenethiolysis of ethyl 2,4-dinitrophenyl dithiocarbo-
nate (b¼ 0.66),10 ethyl 2,4,6-trinitrophenyl dithioca-
rbonate (b¼ 0.66),10 and methyl 2,4-dinitrophenyl
thionocarbonate (b¼ 0.58).10 Therefore, the b values
obtained in the phenolysis and benzenethiolysis of the
two thiolcarbonates studied in this work suggest that these


Table 3. Experimental conditions and kobs values for the benzenethiolysis of S-methyl 4-nitrophenyl thiocarbonate (1)a


Benzenethiolate substituent pH FN
b 103[ArSH]tot


c/mol � dm�3 105kobs/s
�1 no. of runs


H 6.5 0.557 2.45–9.80 9.98–138 6
7.0 0.799 0.980–9.80 16.5–168 7


4-Cl 5.7 0.33 0.184–1.44 0.264–5.27 6
6.0 0.50 0.179–1.28 0.359–9.97 6
6.3 0.67 0.179–1.28 2.43–10.5 6


3-Cl 7.0d 0.969 0.429–3.45 2.76–30.0 6
7.5d 0.99 0.429–2.15 6.20–20.4 6


2,4-F2 6.5d 1 0.534–5.34 3.40–32.8 6
6.6d 1 0.958–9.58 7.78–48.5 6
6.9d 1 0.534–4.54 5.54–22.5 5


2,3,4,5,6-F5 7.0d 1 0.525–1.87 0.0317–0.0854 5
7.3d 1 0.375–1.50 0.0332–0.0786 5
7.6d 1 0.375–1.87 0.0403–0.0888 6


a In aqueous solution, at 25.08C, ionic strength 0.2mol � dm�3 (KCl).
b Fraction of free benzenethiolate.
c Concentration of total benzenethiol (free benzenethiolate plus conjugate acid).
d Buffer phosphate 0.01mol � dm�3.


Table 4. Experimental conditions and kobs values for the benzenethiolysis of S-methyl 2,4-dinitrophenyl thiocarbonate (2)a


Benzenethiolate substituent pH FN
b 103[ArSH]tot


c/mol � dm�3 103kobs/s
�1 No. of runs


H 6.0 0.285 0.98–8.33 4.80–63.5 6
6.5 0.557 2.45–8.33 6.36–99.9 5
7.0 0.799 0.98–8.33 8.59–172 6


4-Cl 5.7 0.33 0.184–1.44 0.290–3.54 6
6.0 0.50 0.179–1.28 0.317–3.84 6
6.3 0.67 0.179–1.02 0.354–4.08 6


3-Cl 5.8 0.67 0.862–8.62 5.13–38.9 5
7.0d 0.969 0.429–2.15 9.70–20.4 5
7.5d 0.99 0.429–4.74 9.92–42.6 6


2,4-F2 6.5d 1 0.534–5.34 5.74–36.8 6
6.9d 1 1.33–5.34 6.91–35.3 6


2,3,4,5,6-F5 7.0d 1 0.525–2.10 0.0304–0.108 5
7.3d 1 0.375–1.87 0.0226–0.0994 6
7.6d 1 0.375–2.10 0.0249–0.104 7


a In aqueous solution, at 25.08C, ionic strength 0.2mol � dm�3 (KCl).
b Fraction of free benzenethiolate.
c Concentration of total benzenethiol (free benzenethiolate plus conjugate acid).
d Buffer phosphate 0.01mol � dm�3.
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reactions are ruled by a concerted mechanism. This is
shown in the Scheme (X¼O or S, Y¼ 4-nitro or
2,4-dinitro).


Clearly, the magnitude of b is not sufficient to validate
the concerted mechanism.11 If the mechanism for the
phenolysis of 1were stepwise the pKa value for the center


of the Brønsted curvature (pK0
a) would be 7.1 (the pKa of


4-nitrophenol). The absence of the Brønsted break is a
clear indication that this mechanism is not stepwise but
concerted.11 On the other hand, if the reaction of 2 were
stepwise the predicted pK0


a value would be 4.1 (the pKa


of 2,4-dinitrophenol), which is outside the pKa range
studied. Nevertheless, although the Brønsted break can-
not be observed, the concerted nature of this reaction can
be deduced from the fact that the putative tetrahedral
intermediate formed in this reaction should be even more
unstable (in view of the better leaving group involved)
than that formed in the phenolysis of 1.


For the benzenethiolysis of 2 the magnitude of the
Brønsted slope (b¼ 0.70) is near the lower limit of the
Brønsted slopes found in stepwise aminolyses of similar
substrates when the breakdown to products of the
zwitterionic tetrahedral intermediate (T�) is the rate-
determining step. For instance, Brønsted slope values of
0.8 or slightly lower have been reported for the stepwise
aminolysis of 2,4-dinitrophenyl acetate and 1-acetoxy-
4-methoxypyridinium ion.12


Nevertheless, the b value for the benzenethiolysis of 2
is also near the upper limit found for concerted reactions.
In fact, linear Brønsted plots with slope values similar or
greater than 0.7 have been obtained for the concerted
phenolysis of 4-nitrophenyl and 4-formylphenyl acetates
(b¼ 0.75 and 0.79, respectively).7


The above analysis indicates that the benzenethiolysis
of 2 is in the borderline between concerted and stepwise
mechanisms. Nevertheless, we are more inclined toward


Table 5. Values of pKa for the phenols and kN values for the reactions of phenoxides with 4-nitrophenyl (1) and
2,4-dinitrophenyl (2) S-methyl thiocarbonatesa


102kN/s
�1 �mol�1 � dm3


Phenoxide substituent pKa 1 2


4-OCH3 10.3 30.7� 0.8 150� 5
H 9.9 8.8� 0.4 31� 2
3-CN 8.6 3.6� 0.1 23� 1
4-CN 7.8 0.41� 0.04 5.2� 0.1
2,6-F2 7.1 0.19� 0.01 3.4� 0.3
2,3,4,5,6-F5 5.3 0.020� 0.003 0.34� 0.01


a Both the pKa and kN values were determined in aqueous solution, at 25.08C, ionic strength 0.2mol � dm�3 (KCl).


Table 6. Values of pKa for the benzenethiols and kN values for the reactions of benzenethiolates with 4-nitrophenyl (1) and
2,4-dinitrophenyl (2) S-methyl thiocarbonatesa


102kN/s
�1 �mol�1 � dm3


Benzenethiolate substituent pKa 1 2


H 6.4 21.9� 2.3 2370� 160
4-Cl 6.0 13.9� 0.9 645� 37
3-Cl 5.5 8.6� 0.6 507� 70
2,4-F2 4.9 5.2� 0.3 669� 35
2,3,4,5,6-F5 2.7 0.0334� 0.0027 4.37� 0.19


a Both the pKa and kN values were determined in aqueous solution, at 25.08C, ionic strength 0.2mol � dm�3 (KCl).


Figure 1. Brønsted-type plots obtained in the phenolysis
(*) and benzenethiolysis (*) of (a) S-methyl 2,4-dinitro-
phenyl carbonate (2) and (b) S-methyl 4-nitrophenyl carbon-
ate (1), in aqueous solution, 25.0� 0.1 8C, ionic strength
0.2mol � dm�3 (KCl)
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the concerted process as shown in the Scheme (Y¼
2,4-(NO2)2, X¼ S) for the following reasons: (i) If the
mechanism of this reaction were stepwise, the pKa0 value
would be ca. 4 (the pKa of 2,4-dinitrophenol). This is
due to the fact that there is no much difference between
the leaving abilities of 2,4-dinitrophenoxide and
2,4-dinitrobenzenethiolate from the anionic tetrahedral
intermediate.2a,4 The lack of a Brønsted break for the
benzenethiolysis of 2, covering a pKa range 2.7–6.4,
indicates that this mechanism is not stepwise. (ii) The
instability of the putative anionic tetrahedral intermediate
that would be formed if the reaction were stepwise would
be very high due to the great compression brought about
by the two sulfur atoms attached to the anionic tetrahedral
intermediate.


The value of the Brønsted slope for the benzenethio-
lysis of 1 (b¼ 0.55) also suggests a concerted mechanism
(Scheme, Y¼ 4-NO2, X¼ S). This can be confirmed by
the following reasoning: If these mechanisms were
stepwise a Brønsted break at pK0


a ca. 7 would be observed
(near the pKa of 4-nitrophenol, see discussion above).
Although this value is outside the pKa range of the
nucleophiles employed, it can be concluded that if the
break occurred at this pKa, the rate-determining step for
the experimental pKa range (2.7–6.4) would be the
breakdown of the putative T� to products. The value of
the Brønsted slope found (b¼ 0.55) is too small
compared with those obtained for stepwise mechanisms
when breakdown of the anionic tetrahedral intermediate
is rate-limiting (b¼ 0.8–1.1).2a,12


Phenolysis versus Thiolysis


Figure 1 shows a comparison of the Brønsted plots of the
nucleophilic rate constants for the benzenethiolysis and
phenolysis of thiocarbonates 1 and 2. It can be observed
that in both cases benzenethiolysis is faster than
phenolysis toward a carbonyl carbon within the pKa


range studied. A similar result was found in the same
reactions of 2,4-dinitrophenyl and 2,4,6-trinitrophenyl
methyl carbonates,4,5S-(2,4-dinitrophenyl) and S-(2,4,6-
trinitrophenyl) ethyl thiocarbonates,3,4 4-nitrophenyl
acetate2a and 4-nitrophenyl formate.2b This was explained
by the softer character of the sulfur nucleophile,
compared with the oxygen nucleophile, which favors
the binding of the former to the relatively soft carbonyl
carbon.13 This can be confirmed by the fact that
benzenenethiolates show an additional rate enhancement,
relative to isobasic phenoxide ions, toward 4-nitrophenyl
thiolacetate, which has a softer electrophilic group than
that of the corresponding carbonate.2a


Carbonates vs. Thiocarbonates


It has been found that the phenolyses of methyl
4-nitrophenyl and methyl 2,4-dinitrophenyl carbonates


(3 and 4, respectively) are driven by a concerted
mechanism,5 as are the phenolyses of 1 and 2 (this
work). This indicates that substitution of SMe by OMe as
the ‘nonleaving’ group of the substrates does not change
the reaction mechanism.


Comparison of the nucleophilic rate constants (kN)
between the phenolysis of thiocarbonates 1 and 2 (this
work) and the phenolysis of the corresponding carbonates
(3 and 4),5 shows that the latter are more reactive (5 to
10-fold) toward phenoxides than thiocarbonates.


The higher reactivity of carbonates than thiocarbonates
toward phenoxide anions seems at first sight surprising in
view of the stronger electron-withdrawing effect of
SMe in a thiocarbonate compared to OMe in the
corresponding carbonate,14 which should result in the
carbonyl carbon of the thiocarbonate being more
positively charged and therefore more prone to nucleo-
philic attack by phenoxide, relative to carbonate. The
lower kN values for the phenolysis of thiocarbonates can
be attributed to steric hindrance toward phenoxide attack
by the bulkier sulfur atom in a thiocarbonate compared to
the oxygen atom in the corresponding carbonate. This is
also true when the S andO atoms are in the leaving group:
the nucleophilic rate constants (kN) for the phenolysis of
methyl aryl carbonates are larger than those of the
corresponding S-aryl thiocarbonates.3,5


Comparison of the nucleophilic rate constants for the
benzenethiolysis of 2 (this study) with those for the
corresponding carbonate (4)4 shows that the reactivities
of these compounds toward benzenethiolates are similar.


In view of the relative soft nature of benzenethiolates, it
should be expected a greater reactivity of these
nucleophiles toward the carbonyl group of thiocarbonate
2 compared with that of carbonate 4, since the carbonyl
group of a thiocarbonate should be softer than that of a
carbonate.13 Nevertheless, it is likely that this greater
affinity is counterbalanced by a greater steric hindrance,
toward the attack of benzenethiolate anion, of the sulfur
atom in 2, relative to oxygen in the corresponding
carbonate.


CONCLUSIONS


The reactions of S-methyl 4-nitrophenyl thiocarbonate
(1), and S-methyl 2,4-dinitrophenyl thiocarbonate (2)
with a series of phenols and benzenethiols are studied
kinetically in water. The Brønsted slopes, together with
other evidence suggest a concerted mechanism for these
reactions.


By the comparison of the kinetics and mechanisms of
these reactions with those of similar reactions, the
following conclusions arise: (i) Thiocarbonates 1 and 2
react with phenoxide and benzenethiolate ions through
concerted mechanisms. (ii) Substitution of OMe in
carbonates by SMe as the nonleaving group does not
affect the mechanism. (iii) Benzenethiolates are more
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reactive than isobasic phenoxide ions toward both 1 and 2.
(iv) S-Methyl thiocarbonates are less reactive than
the corresponding carbonates toward phenoxide ions.
(v) Thiocarbonate 2 is as reactive as the corresponding
carbonate (4) toward benzenethiolate ions.


EXPERIMENTAL


Materials


The series of phenols employed were purified by
distillation or recrystallization. The series of benze-
nethiols were used as purchased. Thiolcarbonates 1 and 2
were synthesized as described.15


Kinetics


The reactions were followed spectrophotometrically
(300–500 nm) by monitoring the corresponding
4-nitrophenoxide or 2,4-dinitrophenoxide anions by
means of a Hewlett-Packard 8453 instrument. The
reactions were studied in aqueous solutions, at
25.0� 0.18C, and an ionic strength of 0.2 mol � dm�3


(maintained with KCl). Phosphate and borate buffers
were used in some reactions (see Tables 1–4). The
reactions were started by injection of a substrate stock
solution in acetonitrile (10ml) into the nucleophile
aqueous solution (2.5ml) in the spectrophotometric cell.
The initial substrate concentration was 5� 10�5mol �
dm�3. A rapid mixer apparatus was used in some of the
fastest reactions. At least a 10-fold excess of total phenol
or total benzenethiol (the anion plus its conjugate acid)
over the substrate was employed in all reactions.


Pseudo-first-order rate coefficients (kobs) were found
in all cases. These were obtained by means of the kinetic
software of the spectrophotometer, after at least 4
half-lives, except for the slower reactions (1with 2,6-difl-
uorophenol, 2,3,4,5,6-pentafluorophenol, 4-chlorobence-
nethiol, 2,4-difluorobenzenethiol and 2,3,4,5,6-penta-
fluorobenzenethiol and those of 2 with 2,3,4,5,6-
pentafluorobenzenethiol) where the initial rate method
was used.16


Determination of pKa


The pKa value for 2.4-difluorbenzenethiol was deter-
mined spectrophotometrically at 250 nm by the method
reported.17 The experimental conditions used were the
same as those for the kinetic measurements (25.0� 0.18C


and ionic strength 0.2mol � dm�3 maintained with KCl).
The pKa value found was 4.9� 0.2.


Product studies


4-Nitrophenoxide and 2,4-dinitrophenoxide anions were
identified as one of the products of the phenolysis and
benzenethiolysis of 1 and 2, respectively. This was
achieved by comparison of the UV-vis spectra after
completion of these reactions with those of authentic
samples of 4-nitrophenol and 2,4-dinitrophenol under the
same reaction conditions.
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ABSTRACT: Recently recorded 17O NMR spectra of compounds studied in a previous work (Taskinen E. Acta Chem.
Scand. 1985; B39: 489–494) dealing with the thermodynamics of isomerization of the enol ethers of
a-acetyl-g-butyrolactone reveal an error in compound identification, caused by an unexpected isomerization reaction
during the synthetic procedure. Thus, acid-catalyzed treatment of the lactone with HC(OR)3 in the respective alcohol
ROH is shown to lead initially to the desired enol ethers which, however, are gradually isomerized to a mixture of the
enol ethers and an ester of 2-methyl-4,5-dihydrofuran-3-carboxylic acid. As a result, only one of the two isomeric
compounds detected in the previous equilibration study was the expected enol ether (the thermodynamically more
stable E isomer) of a-acetyl-g-butyrolactone, while the other, dominating species was the respective carboxylic ester.
In the present work, the evidence provided by the 17O NMR spectra is presented, and the relative stabilities of the
isomeric compounds are discussed on the basis of computational enthalpy data. The treatment is also extended to the
respective isomeric compounds derived from a-acetyl-d-valerolactone. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: enol ethers; carboxylic esters; isomer equilibria; thermodynamic stability; a-acetyllactones


INTRODUCTION


In 1980, Raulins et al.1 reported dipole moment and
spectral data for the E and Z methyl enol ethers of
a-acetyl-d-valerolactone (1E and 1Z, respectively, in
Scheme 1), obtained from the lactone by treatment with
diazomethane. Due to our interest in the relative
thermodynamic stabilities of isomeric enol ethers,
including alkoxysubstituted olefinic carbonyl com-
pounds,2 the work of Raulins prompted a mainly
thermodynamic study3 of a related, 5-membered pair
of isomers, 2E and 2Z, together with the respective ethyl
enol ethers 3E and 3Z. In our synthetic procedure, the use
of the hazardous diazomethane reagent was avoided by
acid-catalyzed treatment of the lactone (a-acetyl-
g-butyrolactone) with HC(OR)3 in the respective alcohol
ROH (R¼Me, Et). In each case, two isomeric reaction
products were isolated, with a marked difference of ca.
24 kJ mol�1 (at 373K) in thermodynamic stability (DG8)
between them. The spectral (1H NMR, 13C NMR, and IR)
data appeared to be in line with the expected structures of
the desired enol ethers. There were, however, some


amazing features in the 1H and 13C NMR spectra of the
thermodynamically more stable species of them, thought
to be the E form, but these anomalies were assumed to
arise from electronic effects due to a strong p-p-p
interaction in the –O–C¼C–C¼Omoiety of this isomer.


However, recently recorded 17O NMR spectra of these
ethers redraw our attention to their structures. While the
spectrum of the less stable isomer, for both the Me and Et
enol ethers, was that of a lactone, the 17O NMR spectrum
of the more stable species turned out to be that of an
ester of a carboxylic acid. Prompted by this finding, a
search of the literature for the reactions of a-acetyl-
g-butyrolactone revealed that in alcoholic solutions this
reagent has been found4 to convert into an ester of
2-methyl-4,5-dihydrofuran-3-carboxylic acid, such as 2N
or 3N. These esters, being isomeric forms of the desired
lactones, have structural units (MeO–, Me–C¼C, C¼O,
–O–CH2CH2–C) similar to those of the lactones, giving
rise to 1H NMR, 13C NMR, and IR spectra deceptively
similar to those of them. Thus, it became evident that
acid-catalyzed treatment of a-acetyl-g-butyrolactone
with trialkyl orthoformate in the respective alcohol leads
not only to the two isomeric lactones but to an equilibrium
mixture of three isomeric species, one of which is an ester
of 2-methyl-4,5-dihydrofuran-3-carboxylic acid. That the
desired lactones were the primary reaction products is
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shown by the appearance of the most stable isomeric
form, the ester 2N (or 3N), in the reaction mixture only
slowly, in parallel with the disappearance of the lactones.
(In fact, because of the markedly different stabilities of
the isomeric lactones, only the more stable one of them –
the E isomer – as confirmed by the present study, could be
detected by GC in the reaction mixture.)


In view of these unexpected findings, a new
investigation of these isomeric compounds seemed
necessary. In the present work, the structural evidence
provided by the 17O NMR shift data is presented,
followed by inspection of the molecular structures and
relative stabilities of the three isomeric forms of 1 and 2,
based on computational data at the B3LYP/6-31G� and
G3(MP2)//B3 levels. The computational treatment was
extended to the corresponding six-membered ring
compounds 1, derived from a-acetyl-d-valerolactone,
also known4 to undergo a related ring-rearrangement
reaction to esters of 6-methyl-3,4-dihydro-2H-pyran-
5-carboxylic acid in alcoholic solutions.


RESULTS AND DISCUSSION


17O NMR shift data


For the most stable isomeric forms of the series 2 and 3 of
compounds, the following 17O NMR shifts (MeCN
solution, 758C) were observed:


2: 327, 129, and 122 p.p.m.
3: 328, 159, and 121 p.p.m.


On going from 2 to 3 there is an increase of 30 p.p.m. in
the chemical shift of the central 17O NMR signal, typical
for a MeO– ! EtO– change in molecular structure for
esters of carboxylic acids as well as for a,b-unsaturated
ethers.5–7 Moreover, while the low-field shift of ca.
328 p.p.m. is reasonable for the C¼O oxygen of a


–O–C(¼O)– moiety, the absorption at ca. 122 p.p.m. is
not applicable to the –O– oxygen of an a,b-unsaturated
lactone, cf. the shift, 173 p.p.m.,8 for the single bonded
oxygen of compound 4 in Scheme 2. On the other hand,
the absorption at 122 pm is reasonable for the ring oxygen
of a 3-COOR derivative (such as 2N and 3N) of
2-methyl-4,5-dihydrofuran9 (6), in which the strength of
p-p conjugation in the –O–C¼C moiety, relative to that
in 6, is enhanced by conjugation with the 3-COOR group.
For comparison, note the change,þ 24 p.p.m., in d(17O) of
the ethereal oxygen on going from 7 to 8, involving a
structural change similar to that in 6! 2N.


For the most stable geometrical isomers of 2 and 3, the
following 17O NMR shifts were observed:


2: 309, 167, and 86 p.p.m.
3: 309, 167, and 117 p.p.m.


The absorptions at 309 and 167 p.p.m are quite
reasonable for a lactone moiety, conjugated with a
C¼C–O–Rmoiety alpha to the C¼O group, cf. 4, which
also has a C¼C–C¼O moiety. Moreover, the difference
of 31 p.p.m between the high field absorptions (at 86 and
117 p.p.m) is applicable to a MeO–!EtO– change in
structure. Further, assignment of the E configuration for
these enol ethers of 2 and 3 is conclusively supported by
the DFT calculations which predict the enthalpy of the E
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form (of 2) to be as much as ca. 27 kJ mol�1 lower than
that of the Z isomer.


It is interesting to note that the structural change 6! 3N
leads to a marked downfield shift of 31 p.p.m for d(17O) of
the O atom of the dihydrofuran ring, whereas the corres-
ponding change in d(17O) for 2-methylfuran [d(17O)¼ 2
47.5 p.p.m10]! 3-ethoxycarbonyl-2-methylfuran (5) is
only ca. 5 p.p.m. Obviously, the aromatic character of
furan does not allow a significant transfer of electronic
charge from the ring oxygen to the exocyclic COOR
moiety, contrary to the situation in the dihydrofuran ring
of 3N.


Molecular structures and relative stabilities of
the isomeric lactones and esters


The molecular structures and relative stabilities of the
isomeric species of the 6- and 5-membered methyl
derivatives (series 1 and 2, respectively) were initially
studied by DFT calculations11–13 at the B3LYP level
of theory,14,15 using the 6-31G� basis set16,17 and
the Gaussian 98W software.18 In search of possible
conformers of the MeO group about the O–C(sp2) bond,
potential energy scans were first carried out for the
isomeric lactones of 1 and 2. The scans, started from the
planar s-trans conformation with torsional angle
t(C–O–C¼C)¼ 1808, were performed at intervals of
108, from both 180 to 08 and 180 to 3608. The complete
potential energy scans from 0 to 3608 are given in Fig. 1.
As the 5- and 6-membered rings of the lactones are not
necessarily planar, the structures corresponding to the end


points (t¼ 0 and t¼ 3608) of the potential energy scans
are not always identical. Thus, two energy minima were
found for 1E, five for 1Z, three for 2E, and four for 2Z.
However, the two minimum energy structures of 2E at
t¼ 318 and t¼ 3298 (¼�318) turned out to be
enantiomers; thus, only the former is reported in
Table 1. The same applies to the structures of 2Z with
t¼ 258 and t¼ 3358 (¼�258). On subsequent thermo-
chemistry analyses (1 bar, 298.15K, scaling factor 0.9804
for the IR frequencies19) one of the energy minima of 1Z
(at t¼ 1698) proved to be a saddle point. The results of
the calculations, including structural data for the
minimum energy structures, as well as the computational
and experimental dipole moments m and the stretching
frequencies n(C¼O) and n(C¼C), are given in Table 1.


In each series of compounds, the carboxylic acid
derivative turned out to be the most stable isomeric
species. It has two conformers about the C¼C–C¼O
single bond, the s-cis form (t¼ 0) being ca. 5.2 kJ mol�1


more stable than the s-trans in both ring sizes. Thus, the
computational enthalpy of the lowest enthalpy structure
of each isomeric compound was scaled relative to that of
the s-cis conformer of the carboxylic ester, and its relative
enthalpy is given as Hrel in Table 1.


Remarkably, the most stable conformer of each E
lactone has a t value close to 1808, in spite of the expected
repulsion between the two adjacent Me groups in this
s-trans orientation. The steric destabilization, however, is
partly overcome by electronic stabilization arising from
strong p–p–p conjugation in the –O–C¼C–C¼O
moiety. The same source of stabilization, though less
effective because of the inability of the MeO group to


Figure 1. Potential energy plots (in kJ mol�1) of 1E, 1Z, 2E, and 2Z versus the torsional angle t(C–O–C¼C) (in degrees) for
rotation of the MeO group about the O–C(sp2) bond (see text)
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adopt the planar s-cis (t¼ 08) orientation, is also present
in the second conformer of 2E with t¼ 318. For the
Z isomers, especially 2Z, the (nearly planar) s-trans
orientation of the MeO group was calculated to be less
favored than an orientation close to the s-cis form. Thus,
the most stable conformers of 1Z and 2Z have t values of
3368 (¼�248) and 258, respectively.


In both ring sizes, the lactones, in particular the Z
forms of them, are strongly disfavored by enthalpy
relative to the isomeric ester. Thus, 1E was calculated to
lie ca. 43 kJ mol�1 and 1Z 63 kJ mol�1 above 1N in


enthalpy. The lactone 1E has an almost perfectly planar
olefinic system (the various torsional angles about the
C¼C bond are within 18 from their ideal values),
while that of 1Z is markedly twisted about the C¼C
bond: t(O–C¼C–C(sp2))¼�168 and t(C–C¼C–C,
trans)¼ 88. In this ring size, the difference in stability
between 1N and the lactones is quite too large for
equilibrium studies.


In the 5-membered ring size, the position of isomer
equilibrium is more favorable for the lactones, but even
here, only traces of the E isomer, together with the


Table 1. Computational dataa for the lactones and esters shown in Scheme 1. The experimentalb dipole moments and wave
numbers are shown in parentheses


Compound
H (a.u.)


(B3LYP/6-31G�)
Hrel (kJ mol�1)
(B3LYP/6-31G�)


H (a.u.)
(G3MP2B3)


Hrel


(kJ mol�1)
(G3MP2B3)


DfH
o


(kJ mol�1) m (D)c
n(C¼O)
(cm�1)


n(C¼C)
(cm�1)


1E
t¼ 1828 d �537.529501 43.2 �536.921964 45.3 �485.4 4.87 1785 1662
t¼ 3088 e �537.521227 64.9 4.70 1805 1659


(4.44) (1692) (1595)


1Z
t¼ 3368 f �537.522139 62.5 �536.916840 58.7 �471.9 4.35 1792 1643
t¼ 318 g �537.520609 66.5 4.33 1789 1645
t¼ 988 h �537.520416 67.0 4.60 1815 1681
t¼ 1698 i �537.519306 70.0 5.70 1817 1659
t¼ 1898 j �537.518279 72.7 5.81 1815 1655


(4.65) (1618) (1576)


1N
s-cis �537.545950 0.0 �536.939201 0.0 �530.7 2.53 1777 1661
s-trans �537.544062 5.0 1.82 1768 1678


2E
t¼ 1778 k �498.250438 27.1 �497.690960 26.5 �474.6 3.98 1827 1722
t¼ 318 l �498.244842 41.7 5.24 1838 1695


(4.86) (1733) (1657)


2Z
t¼ 258 m �498.243975 44.0 �497.685906 39.8 �461.3 4.32 1831 1686
t¼ 1948 n �498.240515 53.1 6.17 1856 1715
t¼ 1728 o �498.240453 53.3 6.26 1856 1712


2N
s-cis �498.260741 0.0 �497.701057 0.0 �501.1 2.15 1777 1700
s-trans �498.258693 5.4 1.65 1775 1702


(1.71) (1708) (1652)


a Gas phase, 298.15K.
b 1E1, 1Z1, 2E3, and 2N3.
c B3LYP/6-31G�, 1 D¼ 3.334 � 10�30 Cm.
d t(C¼C-C¼O) -148, t(C¼C-C-C) 1728, t(C¼C-C-O) 1678, t(O¼C-O-C) 1748, t(O-C¼C-C) 08, t(C-C¼C-C) 08.
e t(C¼C-C¼O) -318, t(C¼C-C-C) -1658, t(C¼C-C-O) 1508, t(O¼C-O-C) 1748, t(O-C¼C-C) -78, t(C-C¼C-C) -78.
f t(C¼C-C¼O) -268, t(C¼C-C-C) -1758, t(C¼C-C-O) 1578, t(O¼C-O-C) 1808, t(O-C¼C-C) -168, t(C-C¼C-C) -88.
g t(C¼C-C¼O) 138, t(C¼C-C-C) 1458, t(C¼C-C-O) -1708, t(O¼C-O-C) 1688, t(O-C¼C-C) 138, t(C-C¼C-C) 188.
h t(C¼C-C¼O) -298, t(C¼C-C-C) -1738, t(C¼C-C-O) 1528, t(O¼C-O-C) 1808, t(O-C¼C-C) -78, t(C-C¼C-C) -28.
i t(C¼C-C¼O) -208, t(C¼C-C-C) 1788, t(C¼C-C-O) 1618, t(O¼C-O-C) 1778, t(O-C¼C-C) -18, t(C-C¼C-C) -48 (a saddle point).
j t(C¼C-C¼O) -188, t(C¼C-C-C) 1768, t(C¼C-C-O) 1638, t(O¼C-O-C) 1768, t(O-C¼C-C) 18, t(C-C¼C-C) 18.
k t(C¼C-C¼O) 48, t(C¼C-C-C) 1698, t(C¼C-C-O) -1778, t(O¼C-O-C) -1748, t(O-C¼C-C) 08, t(C-C¼C-C) 18.
l t(C¼C-C¼O) 108, t(C¼C-C-C) 1608, t(C¼C-C-O) -1718, t(O¼C-O-C) -1728, t(O-C¼C-C) 88, t(C-C¼C-C) 78.
m t(C¼C-C¼O) 108, t(C¼C-C-C) 1638, t(C¼C-C-O) -1758, t(O¼C-O-C) -1778, t(O-C¼C-C) 78, t(C-C¼C-C) 158.
n t(C¼C-C¼O) 68, t(C¼C-C-C) 1658, t(C¼C-C-O) -1758, t(O¼C-O-C) -1738, t(O-C¼C-C) 18, t(C-C¼C-C) 58.
o t(C¼C-C¼O) 68, t(C¼C-C-C) 1658, t(C¼C-C-O) -1758, t(O¼C-O-C) -1738, t(O-C¼C-C) -18, t(C-C¼C-C) 08.
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dominating ester 2N (as it is now known to be), could be
detected by GC in the equilibration experiments. The
olefinic system of 2Z, like that of 1Z, is also twisted. On
the other hand, the olefinic system of the E isomer, 2E, is
again almost perfectly planar. The difference in enthalpy
between the Z and E lactones, 19 kJ mol�1 in the
6-membered lactones, is slightly reduced, to 17 kJ mol�1,
on going to the 5-membered ring size. Moreover, the DFT
calculations predict an enthalpy difference of 27 kJ mol�1


between 2E and 2N; for comparison, in the equilibration
experiments3 at 373K a Gibbs energy difference of ca.
24 kJ mol�1 was measured between the two species
detectable in the GC analyses of the equilibriummixtures.


The relative enthalpies of the most stable conformers of
the series 1 and 2 of compounds were also investigated at
the markedly higher G3(MP2)//B3LYP level20 using the


Gaussian 03 software.21 From the computational data the
standard enthalpies of formation of these compounds
were calculated by means of the atomization procedure
(Table 1). In comparison with calculations at the B3LYP/
6-31(d) level, no essential changes, in either ring size, in
the marked differences in enthalpy between the lactones
and the isomeric ester were suggested by these high level
calculations. However, the changes in the relative
stabilities of the isomeric lactones were more tangible:
the computational difference in enthalpy between 1Z and
1E, 19.3 kJ mol�1 at the B3LYP/6-31(d) level, was
reduced to 13.4 kJ mol�1 at the G3(MP2)//B3LYP level.
In the 5-membered ring size, the corresponding change in
computational enthalpy was from 16.9 to 13.3 kJ mol�1.
Thus, according to the high level calculations the
difference in enthalpy between the isomeric lactones is
almost the same, ca. 13 kJ mol�1, in both ring sizes.


The markedly different stabilities of the isomeric
compounds give rise to a question of the role of the
olefinic Me group in the lactones as a source of this
difference in enthalpy. The methyl group either prevents
attainment of the fully planar s-trans structure for the
C–O–C¼C moiety (necessary for efficient p–p conju-
gation), or at least makes it strained by steric interaction
with proximate (cis and gem) structural units. Thus, the
computations were repeated for related isomeric com-
pounds with a hydrogen atom in place of the olefinic Me
group (Scheme 3). The potential energy plots are shown
in Fig. 2 and the computational data for the various
conformers of the isomeric compounds in Table 2.


All E compounds (1E, 2E, 9E, and 10E) were
calculated to prefer almost planar s-trans conformations
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Figure 2. Potential energy plots (in kJ mol�1) of 9E, 9Z, 10E, and 10Z versus the torsional angle t(C–O–C¼C) (in degrees) for
rotation of the MeO group about the O–C(sp2) bond
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for their C–O–C¼C moieties. Thus, the difference in
enthalpy between the E lactone and the carboxylic ester
(Table 2), in line with expectation, was markedly reduced
(for Me–C¼C!H–C¼C) in both ring sizes: the
reductions were ca. 11 and 13 kJ mol�1 in the 6- and
5-membered ring sizes, respectively, at the G3MP2B3
level. (It should be noted, however, that replacement of
the olefinic Me group with an H atom leads to a change in
the relative stabilities of the two conformers of the
COOMe group of the esters: theHrel values of lactones 9E
and 10E, as well as those of 9Z and 10Z, are based on the
enthalpy of the s-trans conformer of the respective
carboxylic ester).


Both 1Z and 2Z prefer a conformation in which the
MeOmoiety, instead of adopting an s-trans conformation,
is inclined towards the C¼O group. On replacement of
the olefinic Me group of 1Z by a H atom, the
conformation of the MeO group undergoes an expected
and marked change towards the s-trans form (cf. 9Z),
whereas only a small change in the torsional angle of the
MeO group takes place on going from 2Z to 10Z.


Moreover, while the Hrel value of 10Z is ca. 7 kJ mol�1


lower than that of 2Z, the relative enthalpy Hrel of 9Z is
some 2 kJ mol�1 higher than that of 1Z.


As mentioned above, the difference in enthalpy
between the Z and E lactones is ca. 13 kJ mol�1 (at the
G3MP2B3 level) in series 1 and 2 of compounds. On
replacement of the olefinic Me group with an olefinic
hydrogen the corresponding enthalpy difference is
expectedly increased, i.e. by 13 kJmol�1 in the
6-membered and by 7 kJ mol�1 in the 5-membered ring
size.


CONCLUSION


The discussion and data given above show that
acid-catalyzed treatment of a-acetyl-g-butyrolactone
with trialkyl orthoformate HC(OR)3 in the corresponding
alcohol ROH gives rise to a mixture of the expected alkyl
enol ethers, together with the isomeric rearrangement
product 2-methyl-3-COOR-4,5-dihydrofuran. The latter


Table 2. Computational dataa for the lactones and esters shown in Scheme 3


Compound
H (a.u.)


(B3LYP/6-31G�)


Hrel


(kJ mol�1)
(B3LYP/6-31G�)


H (a.u.)
(G3MP2B3)


Hrel


(kJ mol�1)
(G3MP2B3)


DfH
o


(kJ mol�1) m (D)b
n(C¼O)
(cm�1)


n(C¼C)
(cm�1)


9E
t¼ 1838 c �498.243746 30.9 �497.684975 34.6 �458.9 4.46 1807 1700
t¼ 38 d �498.234069 56.3 6.05 1808 1667


9Z
t¼ 1738 e �498.233558 57.7 �497.675010 60.7 �432.7 5.44 1821 1704
t¼ 3388 f �498.231700 62.6 3.84 1793 1663
t¼ 218 g �498.231460 63.2 3.78 1798 1677


9N
s-trans �498.255527 0.0 �497.698145 0.0 �493.5 1.76 1785 1697
s-cis �498.255382 0.4 3.10 1790 1689


10E
t¼ 1818 h �458.960059 9.0 �458.449944 12.2 �437.5 4.95 1851 1752
t¼ 3588 i �458.955322 21.5 5.98 1855 1719


10Z
t¼ 128 j �458.952277 29.5 �458.442119 32.7 �416.9 3.60 1838 1704
t¼ 1748 k �458.951774 30.8 5.90 1863 1741


10N
s-trans �458.963496 0.0 �458.454586 0.0 �449.7 1.32 1790 1691
s-cis �458.963332 0.4 2.72 1789 1693


aGas phase, 298.15K.
b B3LYP/6-31G�, 1 D¼ 3.334 � 10�30 Cm.
c t(C¼C-C¼O) -38, t(C¼C-C-C) 1618, t(C¼C-C-O) 1788, t(O¼C-O-C) 1728, t(O-C¼C-C) 18, t(H-C¼C-C) 08.
d t(C¼C-C¼O) -38, t(C¼C-C-C) 1598, t(C¼C-C-O) 1788, t(O¼C-O-C) 1748, t(O-C¼C-C) 28, t(H-C¼C-C) 18.
e t(C¼C-C¼O) 68, t(C¼C-C-C) 1478, t(C¼C-C-O) -1728, t(O¼C-O-C) 1748, t(O-C¼C-C) -48, t(H-C¼C-C) -18.
f t(C¼C-C¼O) -158, t(C¼C-C-C) 1688, t(C¼C-C-O) 1688, t(O¼C-O-C) -1788, t(O-C¼C-C) -158, t(H-C¼C-C) -88.
g t(C¼C-C¼O) 208, t(C¼C-C-C) 1358, t(C¼C-C-O) -1618, t(O¼C-O-C) 1708, t(O-C¼C-C) 108, t(H-C¼C-C) 78.
h t(C¼C-C¼O) 48, t(C¼C-C-C) 1698, t(C¼C-C-O) -1778, t(O¼C-O-C) -1748, t(O-C¼C-C) 08, t(H-C¼C-C) 08.
i t(C¼C-C¼O) 58, t(C¼C-C-C) 1668, t(C¼C-C-O) -1768, t(O¼C-O-C) -1728, t(O-C¼C-C) -28, t(H-C¼C-C) 18.
j t(C¼C-C¼O) 148, t(C¼C-C-C) 1578, t(C¼C-C-O) -1698, t(O¼C-O-C) -1768, t(O-C¼C-C) 78, t(H-C¼C-C) 48.
k t(C¼C-C¼O) 98, t(C¼C-C-C) 1618, t(C¼C-C-O) -1728, t(O¼C-O-C) -1738, t(O-C¼C-C) -18, t(H-C¼C-C) -18.
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is the most stable species so that only traces of the other
isomeric forms, mainly the E lactone, remain in the
equilibrium mixtures. The plausible course of the
synthetic reaction is illustrated in Scheme 4. The initial
reaction product, the dialkyl ketal of the lactone, reacts
further in two different routes: (a) by the loss of an alcohol
molecule to a mixture of the isomeric enol ethers, (b) by
the cleavage of the lactone ring through addition of an
alcohol molecule, followed by a loss of two alcohol
molecules, leading to the dihydrofuran derivative. All the
steps from the initial ketal to the three final products are
reversible, acid-catalyzed processes. The fact that the
enol ethers dominate in the early reaction mixture shows
the steps leading to the thermodynamically most stable
species, the ester, to be slow in comparison with the
decomposition of the initial ketal to the enol ethers.


EXPERIMENTAL


Compounds 2E, 2N, 3E, and 3N are from our previous
study,3 compound 5 is a commercial product (Aldrich),
and compound 8 from our previous work.2


The 17O NMR samples were prepared by dissolving
0.5 g of the compound studied in 2.0ml of MeCN
containing 10 vol-% of 1,4-dioxane as an internal
reference. The 17O NMR spectra were recorded in
10mm tubes at 758C on a JEOL GX-400 NMR
spectrometer at a frequency of 54MHz, as described
previously.7 The shift values, measured relative to internal
1,4-dioxane, were converted to the water scale by the
relation d(17O)¼�1.3 p.p.m for 1,4-dioxane on the
water scale.7
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ABSTRACT: A novel heterocyclic compound 3-mesityl-5-methyl-4,5,11,11a-tetrahydro-6H-[1,2,4]oxadiazolo
[5,4-b][1,3,4]benzotriazépin-6-one 4 has been synthesised by a 1,3 dipolar cycloaddition (13DC) reaction of
1,3,4-benzotriazepin-5-one 1 with mesitylnitrile oxide 3. The reaction, beside its synthetic interest, has shown to
be completely chemo- and regioselective. The structure of the compound was determined by X-ray crystallography
and analysed by spectral methods (NMR and mass spectrometry). The molecular mechanism for the reaction has been
studied using quantum mechanical calculations at the B3LYP/6-31G� theory level. Two mechanisms are possible for
the formation of the cycloadduct 4. The first one involves a 13DC reaction between 1, as dipolarophile and 3, as dipole.
Analysis of the results indicates that it takes place along asynchronous concerted bond-formation process with a very
low polar character. The regioselectivity obtained from the calculations are in complete agreement with the unique
formation of the cycloadduct 4. The second mechanism is initiated by the nucleophilic attack of the N3 nitrogen of the
tautomer form of 2, to the C5 carbon of the nitrile oxide 3 to yield an amidoxime. However, the large energy involved
in this addition prevents this mechanism. The large energy difference between the tautomers 1 and 2, makes that only
the C——N site of benzotriazepin-5-one 1 could act as a dipolarophile site. This fact makes the 13DC reaction to be
chemoselective. The analysis of global electrophilicity of the reagents allows explaining the low polar character of
these 13DC reactions. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/v20.html


KEYWORDS: 1,3-dipolar cycloaddition; Benzotriazepines; chemo- and regioselectivity; synthesis; quantum mechanical


calculations


INTRODUCTION


The 1,3-dipolar cycloaddition (13DC) reaction constitu-
tes one of the most important way used, in organic
reaction, for the synthesis of a variety of five-membered
heterocyclic systems.1–10 13DC reactions were long been
drawing the attention of both experimental and theoretical
chemists since their introduction by Huisgen in the early
1960s.11 In view of such a myriad of possibilities, much
effort has been devoted towards the development of
synthetic methods using heteroatomic systems.12 Among


them, 2-isoxazolines, obtained by reaction of nitrile
oxides with alkene dipolarophiles, have been extensively
studied due to their usefulness in medicine and
agriculture, as well as their synthetic versatility.13


Isoxazoline systems are often used in total synthesis as
latent synthons, such as masked new heterocyclic or
aromatic rings.


Owing to their well-established role as psychother-
apeutics,14 benzodiazepines have been the object of
intense investigation in medicinal chemistry. The area of
biological interest of this family of compounds has been
extended recently to various diseases such as cancer,15


viral infections (HIV)16 and cardiovascular disorders.17


Such a versatile biological activity of the benzodiazepine
pharmacophore has prompted investigations into their
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nitrogen homologues, the benzotriazepines,18 in order to
find new therapeutical leads. The fusion of heterocyclic
rings to different faces of the heptatomic nucleus was
shown to enhance or modify activity profiles.19–21


Selectivity in 13DC reactions has become the subject
of theoretical investigations by means of good level of
theory directed to the calculation of TSs and activation
parameters.22–24 It depends on electronic and steric
effects. The specific direction of the electronic interaction
is not well defined and identifying unequivocally
electrophilic and nucleophilic centres has been difficult.


In general, the reactivity has been explained in terms of
Frontier Molecular Orbital (FMO) theory.25 However,
although HOMO–LUMO interaction has proved to be
very useful to explain the chemical reactivity and
regioselectivity of Diels–Alder reactions, a satisfactory
rationalisation of 13DC reactions is not available.26 An
alternative to FMO theory to address the reactivity in
13DC reactions is the formulation of the interaction
energy in terms of density functional theory (DFT)27 and
the use of the global28 and local29 electrophilicity
indexes.


In this paper, we report the experimental and
theoretical results of the 13DC reaction between
1,3,4-benzotriazepin-5-one 1 (R——H) and mesitylnitrile
oxide 3 (Scheme 1). Our purpose is to contribute to a
better understanding of the mechanistic features of these
processes, especially by locating and characterising all
stationary points involved on the reactive potential energy
surface (PES). The structural and energetic information
obtained by theoretical methods based on quantum
mechanical calculations of possible intermediates and
transition structures provide powerful assistance in the
study of organic reaction mechanisms.30 These methods
are accepted as reliable tools for the interpretation of
experimental results, since such data are rarely available
from experiments.31 We intend, in this work, to
characterise the mechanism of the studied reaction and
to explain the origin of the selectivity experimentally
observed.


It is noteworthy that the benzotriazepinone 1 can exist
in equilibrium with the tautomeric form 2 (Scheme 2).
Because both structures have different dipolarophile sites
with a similar reactivity, the C2——N3 at 1 and N1——C2 at


2, two 13DC reactions are feasible. Recently, we have
reported the reactivity of 1 as dipolarophiles towards
nitrilimines in order to access rapidly to new benzo-
triazepines of biological interest.9 This 13DC reaction
was found to be chemoselective (reactivity of N1——C2 or
C2——N3 double bonds as dipolarophiles towards the
dipole) and regioselective (different orientation along the
approach of the asymmetric dipole to the C2——N3 bond)
and leads to [1,2,4] triazolo[1,3,4]benzotriazepinones.9


RESULTS AND DISCUSSIONS


Experimental results


The reaction of 1,3,4-benzotriazepin-5-one 1 (R——H)
with mesitylnitrile oxide 3 was performed in dry benzene
at reflux during 8 h. After purification by chromatography
on silica gel column (hexane/ethylacetate), the cycload-
duct 3-mesityl-5-methyl-4,5,11,11a-tetrahydro-6H-[1,2,4]
oxadiazolo[5,4-b][1,3,4]benzotriazepin-6-one 4 (C19H20


O2N4) was isolated in 30% yield (Scheme 1). The
structural identification of the reaction product was based
on spectral data (1H NMR, 13C NMR and mass
spectrometry) and X-ray crystallographic analysis.


We also observed that the substituent effect of the
benzotriazepine has a large influence on the cycloaddition
reactivity. So in the case of phenyl substituent (R——
C6H5), the cycloadduct is observed but in no isolable
quantity. On the other hand, when R——CH3, the
cycloaddition does not proceed out and we obtained
only the benzotriazepine and the dipole dimer.
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Spectral data allowed the preferential C2——N3 attack
site of the benzotriazepinone 1 (chemoselectivity)
and the predominant orientation of the addition
Ndipole�Cdipolarophile (regioselectivity). So, the
13C NMR spectra (spin echo) of the cycloadduct 4
(R——H) shows the chemical shift of the carbon atom C6
at about 172.6 ppm and excludes categorically the
addition on the oxo group. Concerning the orientation
of addition of the dipole, the chemical shift of the
carbon C11a at 100.8 ppm indicates the sense of the
addition (Odipole�Cdipolarophile) and rules out unambigu-
ously the formation of the other possible regioisomer. It is
noteworthy that the observed value is in good agreement
with those described in the literature for a similar
environment.32 In the same spectra, we can moreover
detect four signals at about 19.7, 20.6, 21.5 and 38.1 ppm
assigned to methyl carbons of mesityl group, and to the
carbon in N—CH3 respectively. The signals of aromatic
carbons were also observed in this spectrum. Addition-
ally, the regioselectivity was confirmed by the singlet at
6.65–6.75 ppm in the 1H NMR spectra assigned to the
proton at C11a for the cycloadduct. In the same spectra,
the chemical shifts at about 1.30, 2.15, 2.25 and 3.25 ppm


were assigned to methyl protons of mesityl group and
hydrogen in N—CH3 respectively. In the mass spectra
(FAB), we noted essentially molecular peaks tom/z¼ 337
(100%) [MþH]þ in agreement with mono-condensation
reaction. Even though the spectral data were in good
agreement with the proposed structure, and because of the
existence of two possible dipolarophile sites (N1——C2
and C2——N3), it is difficult to make a choice between
structure 4 and possible alternative chemoisomeric
structure 6 (such as referred in Scheme 3, by cycloaddi-
tion across the 1,2 positions of the benzotriazepinone
ring). Finally, the exact structure was determined on the
basis of the X-ray crystallographic analysis of a single
crystal of 4 (Fig. 1).


X-ray crystallographic analysis. The molecular
structure of 4 (C19H20O2N4, monoclinic) determined in
this work is shown in Fig. 1. There are eight formula units
in the unit cell. There are intermolecular contacts O—H,
N—H, H—H and p—H which lead to forming somehow
a ‘‘dimmer’’ mainly through the rotation axis, as most of
these contacts are through the mentioned axis. Trans-
lations along the b-axe define columns along this
direction. Sheets are distributed along the diagonal
(aþ c), and pile up to form the crystal through centres
of symmetry and helicoidally axis. Thus the packing in
the crystal is a distorted closed hexagonal one.
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Figure 1. The molecular structure of compound 4(R¼H)
(ORTEP: XTAL 3.6) with the numbering scheme. Displace-
ment ellipsoids are drawn at 30% probability.
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Theoretical results


Study of the PES for the reaction of 1 and 2
with 3. Due to the asymmetry of dipolarophiles 1 and 2
and dipole 3, these 13DC reactions can take place along
two regioisomeric pathways. Both channels have been
studied. The analysis of the gas phase results for these
13DC reactions indicates that they take place along
concerted bond-formation processes. Therefore four TSs,
TS1, TS2, TS3 and TS4, associated to the two
regioisomeric channels for the 13DC reactions of 1 and
2 with 3 and the corresponding cycloadducts 4–7, have
been located and characterised. The stationary points
corresponding to the cycloaddition reaction have been
presented in Scheme 3. The relative energies are
summarised in Table 1.


Early studies devoted to the tautomerism of benzo-
triazepinones indicated that in solution, these compounds
appear to exist as the 3,4-dihydro structure 2.33,34


However, recently, studies carried out by Boese et al.,
using X-ray diffraction and quantum chemical calcu-
lations at the HF/6-31G�� level, have indicated that these
compounds exist as the 1,4-dihydro tautomeric form
1.35B3LYP/6-31G� calculations give the tautomer 2,
8.1 kcal/mol higher in energy than 1 (see Table 1). This
energy difference remains with the inclusion of solvent
effects (8.2 kcal/mol in benzene). This DFT energy
difference was confirmed by performing single point
calculations at CCSD(T)/6-31G� level, 7.5 kcal/mol.
These large energy differences indicate that the tautomer
1 is the major isomer of the two tautomeric forms, in
agreement with the Boese studies.35


Two mechanisms are feasible for the interconversion
between both tautomers. The first one involves an


intramolecular proton transfer between the N1 and N3
nitrogen atoms through a concerted process. The second
one is a stepwise mechanism involving an external acid/
base catalyst. We have considered only the concerted
process. The TS associated to this process, TStau, has a
very high energy; it is located 71.3 kcal/mol higher than
the tautomer 1. Similar results have been found in related
intramolecular tautomerisation processes, where the
concerted process is forbidden energetically.36 This large
energy is due mainly to the strain associated to the
four-membered TS. Therefore, if the two tautomeric
forms are in equilibrium, the interconversion between
these species must take place through a stepwise process.


For the 13DC reactions of the benzotriazepinone 1with
the nitrile oxide 3, the activation energies associated to
the two regioisomeric pathways are 18.9 kcal/mol (TS1)
and 29.8 kcal/mol (TS2), while for the reactions of the
tautomer 2 with 3, they are 15.2 kcal/mol (TS3) and
27.9 kcal/mol (TS4), respectively. These cycloadditions
present a large regioselectivity; the TSs associated to the
formation of the cycloadducts 4 and 6 are 11 and 13 kcal/
mol lesser in energy than those associated to the
formation of the regioisomeric cycloadducts 5 and 7.


The activation energy associated to the formation of the
cycloadduct 6 via TS3 is 3.7 kcal/mol lower in energy
than that associated to the formation of 4 via TS1.
However, if we consider the easy equilibrium between
both isomers, the more favourable reactive channel
corresponds to the formation of 4 via TS1, with activation
energy of 18.9 kcal/mol.37 Note that the activation energy
associated to TS3 from 1 plus 3 is 23.3 kcal/mol. This
energetic result is in clear agreement with the exper-
imental outcome; only the formation of the cycloadduct 4
is observed. Formation of the cycloadducts 4 and 6 are
exothermic processes, �19.5 (relative to 1 plus 3) and
�27.8 (relative to 2 plus 3) kcal/mol, respectively,
whereas the formation of the regioisomers 5 and 7 are
endothermic in ca. 9–11 kcal/mol. Therefore, the for-
mation of the cycloadduct 4 is kinetically favoured.


Inclusion of the thermal corrections to the energy and
the entropy to the reaction temperature (80 8C) arises the
relative free energy for these 13DC reactions between 17
and 19 kcal/mol, due to the bimolecular nature of these
cycloadditions. The activation free energy for the
formation of the cycloadduct 4 via TS1 arises to
36.3 kcal/mol. However, the relative free energies
between the four TSs of these cycloadditions are similar
to those found using the relative energies. Formation of
the cycloadduct 4 is slightly exergonic, �1.7 kcal/mol.


An alternative pathway for the reaction between
benzotriazepinone 2 and the nitrile oxide 3 leading to
the formation of the cycloadduct 4 was considered
(Scheme 4). This pathway is initiated by the nucleophilic
attack of the N3 nitrogen of 2 to the C5 carbon of the
nitrile oxide 3 to give an amidoxime 8 via TS5. This type
of compounds has been obtained by addition of amines to
the nitrile oxides.38 While the addition of nucleophilic


Table 1. B3LYP/6-31G� relative energiesa,b (DE, in kcal/mol)
and relative free energiesa (DG8, in kcal/mol, 80 8C) in gas
phase and relativea energies (DE, in kcal/mol) in benzene for
the stationary points involved in the reaction of benzotria-
zepinones 1 and 2 with the mesitylnitrile oxide 3


Gas phase Benzene


DE DG8 DE


2 8.1 8.5 8.2
TStau 71.3 71.2 76.9
TS1 18.9 36.3 19.4
TS2 29.8 47.1 31.4
4 �19.5 �1.7 �21.4
5 11.1 29.0 10.6
TS3 23.3 41.0 24.6
TS4 36.0 52.8 38.0
6 �19.7 �1.8 �21.3
7 17.4 36.1 17.6
TS5 29.9 47.2 35.0
8 1.6 18.2 4.7
TS6 32.8 50.9 38.0


a Relative to 1 or 1 plus 3.
b Including ZPE corrections.
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carbons has a stepwise mechanism,39 the addition of
nucleophilic oxygen or nitrogen atoms have concerted
mechanism.40 Then the intramolecular attack of the O7 to
the C2 with concomitant proton transfer will afford the
experimentally observed cycloadduct 4, via TS6.


The activation energy associated to the nucleophilic
attack via TS5 is 21.8 kcal/mol, and the formation of the
amidoxime 8 is exothermic in�6.5 kcal/mol. This barrier
is closer than that computed for the nucleophilic addition
of ammonia to fulminic acid at the MP4/6–31G�� level
(22.0 kcal/mol).40 However, the formation of the five-
membered heterocycle present in 4, via TS6, has a very
large barrier (31.2 kcal/mol) (Fig. 2). The strain
associated to the four-membered geometry demanded
at this intramolecular proton transfer process is respon-
sible of this high energy (see later). Alternatively, the


cyclisation process can take place by a stepwise
mechanism involving an initial N1 protonation that can
catalyse the addition of the oxime oxygen atom. However,
due to the large barrier found for the first nucleophilic
addition, this acid-catalysed pathway was not considered.


The geometries of the TSs involved in these 13DC
reactions are given in Fig. 3. The lengths of the forming
bonds at the TSs are: 2.235 Å (C2—O7) and 2.005 Å
(N3—C5) at TS1, 1.981 Å (C2—C5) and 2.313
(N3—O7) Å at TS2, 2.072 Å (N1—C5) and 2.158 Å
(C2—O7) at TS3 and 2.343 Å (N1—O7) and 1.919 Å
(C2—C5) at TS4. The extent of the asynchronicity on the
bond-formation can be measured by means of the
difference between the lengths of the two s bonds that
are being formed in the cycloaddition that is,
Dr¼d1–d2.41 Because of different set of bonds are
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Figure 2. Energy profiles for the reaction between benzotriazepinones (1 and 2) and mesitylnitrile oxide 3
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involved in these 13DC reactions, C—C, C—N, C—O
and N—O, we have selected d1 as the large bond-length,
and d2 as the short one. The values of Dr are 0.23 (TS1),
0.33 (TS2), 0.09 (TS3) and 0.42 (TS4). While for the
most favourable regioisomeric TS for the reaction of 1
with 3, Dr¼ 0.23 points to an asynchronous concerted
process, this value at the TS associated to the reaction of
2, 0.09, points to a synchronous concerted process. The
TSs associated to the regioisomeric pathway present
larger asynchronicity.


The geometries of the TSs involved in the reaction
between 2 and 3 to give 4 are presented in Fig. 4. For the
TS associated to the formation of the amidoxime 8, TS5,
the length of the N3—C5 forming-bond is 1.914 Å, while
the lengths of the N3—H breaking and O7—H forming
bonds are 1.126 Å and 1.469 Å, respectively. At TS6, the
length of the O7—C2 bond is 1.572 Å, while the lengths
of the O7—H breaking and the N1—H forming bonds are
1.520 Å and 1.141 Å, respectively. The O7—C2 length
indicates that this bond is readily formed at this TS. An
analysis of the atomic motion at the unique imaginary
frequency for TS6, 1,421.8 cm�1, indicates that this TS is
mainly associated to the proton transfer from the O7
oxygen to the N1 nitrogen. The O7—C2 bond formation
takes place in an early step. However, all attempts to
locate the TS associated to the formation of the
five-membered ring were unsuccessful. At TS6, the
N1—C2—O7 bond angle, 96.7 degree shows the strain
associated to this four-membered TS.


The geometry of the TS involved in the intramolecular
tautomerisation between 1 and 2, TStau, is given in
Fig. 5. The lengths of the N1—H and N3—H forming and


breaking bonds at the TS are 1.539 and 2.104 Å,
respectively; the N3—H breaking bond being more
advanced than the N1—H forming bond. At this TS, the
seven-membered heterocyclic ring has a planar arrange-
ment, the process can be classified as a suprafacial [1,3]
hydrogen shift. This process, which is forbidden by
symmetry,42 presents a large activation energy. Note that
although the antarafacial process is allowed by symmetry,
it is forbidden by geometric requirements.


The extent of bond formation along the reaction
pathway is provided by the concept of bond order (BO).43


The BO values of the forming bonds at the TSs associated
to the 13DC processes are: 0.24 (C2—O7) and 0.37
(N3—C5) at TS1, 0.46 (C2—C5) and 0.23 (N3—O7) at
TS2, 0.32 (N1—C5) and 0.27 (C2—O7) at TS3 and 0.23
(N1—O7) and 0.49 (C2—C5) at TS4. These data indicate
that while TS3 is associated to synchronous bond
formation process, the others TSs are associated to
asynchronous concerted bond formation processes, where
the bond formation involving the C5 carbon atom of
nitrile oxide is more advanced than that involving the O7
oxygen. In addition, the more unfavourable regioisomeric
TS2 and TS4 are more advanced and more asynchronous
than the TS1 and TS3; a similar trend is observed by
analysis of Dr at the TSs.


At the TS associated to the formation of the amidoxime
8, TS5, the BO value of the N3—C5 forming-bond is
0.43, while the BO values of the N3—H breaking and
O7—H forming bonds are 0.52 and 0.24, respectively.
These values show the concerted character of the C—N
bond formation and hydrogen transfer. At TS6, the BO
value of the O7—C2 bond is 0.70, while the BO value of


Figure 3. Selected geometrical parameters (in È) for transition structures corresponding to 13DC reaction between benzo-
triazepinones (1 and 2) and mesitylnitrile oxide 3
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the O7—H breaking and N1—H forming bonds are 0.43
and 0.26, respectively.


At the TS involved in the intramolecular tautomerisa-
tion between 1 and 2, TStau, the BO value of the N1—H


and N3—H forming and breaking bonds are 0.20 and
0.01, respectively. Therefore, the breaking bond is more
advanced than the forming one. The BO values of the
N1—C2 and C2—N3 bonds are 1.06 and 1.34.


The natural population analysis (NPA) allows us to
evaluate the charge transfer along these concerted 13DC
reactions. The natural charges at the TSs appear shared
between the dipole, 3, and the dipolarophiles, 1 or 2. The
charge transferred at the TSs is: 0.08 e at TS1, 0.05 e at
TS2, 0.00 e at TS3 and�0.08 e at TS4. These low values
indicate the low polar character of these 13DC reactions,
in clear agreement with the low difference of electro-
philicity, Dv, between the reagents (see later).


Finally, as these 13DC reactions were experimentally
carried out in benzene, and the solvent effects can
produce some alteration of both activation energies and
regioselectivity, they were considered by means of single
point calculations over the gas phase optimised geome-
tries using the Polarizable Continuum Model (PCM).
Table 1 reports the relative energies in benzene. Solvent
effect stabilises all structures between 2 and 5 kcal/mol.
The more stabilised species are the dipolarophiles 1 and 2,
ca. 5 kcal/mol. As a consequence, the activation energies
in benzene are slightly larger than those in gas phase, ca.
2 kcal/mol. This poor solvent effect is in agreement with
the unappreciable charge transfer found at the TSs of
these 13DC reactions indicating that solvent effect does
not modify substantially the gas phase results.


Global electrophilicity analysis. These 13DC reac-
tions have been also analysed using the global indexes.
Recent studies devoted to Diels–Alder44 and 13DC45


reactions have shown that the global indexes defined in
the context of density functional theory are a powerful
tool to understand the behaviour of these cycloadditions.
In Table 2, the static global properties, electronic
chemical potential (m), chemical hardness (h) and global
electrophilicity (v) for the benzotriazepinones, 1 and 2
and nitrile oxide 3.


The values of the electronic chemical potential of
benzotriazepinones 1 and 2, �0.1270 and �0.1362 au,
respectively, are closer than that for the nitrile oxide 3,
�0.1311 au. Therefore, along the 13DC reactions
between 1 or 2 and 3, any of them will have some trend
to provide electron density to the other and non-polar
13DC reactions will be expected in clear agreement with
the NPA analysis.


Figure 4. Selected geometrical parameters (in Å) for tran-
sition structures and amidoxime 8 corresponding to the
alternative chemoselective pathway for the reaction
between benzotriazepinone 2 and the mesitylnitrile oxide 3


Figure 5. The TS structure involved in the intramolecular
tautomerisation between 1 and 2. The lengths of the form-
ing bonds are given in Å


Table 2. Electronic chemical potential (m, in au), chemical
hardness (h, in au) and global electrophilicity (v, in ev) of the
benzotriazepinone 1 and 2, and nitrile oxide 3


m h v


1 �0.1270 0.1613 1.36
2 �0.1362 0.1772 1.42
3 �0.1311 0.1791 1.31
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The simplest nitrile oxide has a low electrophilicity
power, v¼ 0.73 eV, it being classified as a marginal
electrophile.45 This dipole may be further converted into a
poorer electrophile or probably as a good nucleophile by
substitution at the carbon site by a methyl group,
v¼ 0.55 eV.45 However, substitution at the same site by
phenyl group renders benzonitrile oxide as a moderate
electrophile, v¼ 1.46 eV. Trimethyl substitution on the
phenyl group renders mesitylnitrile oxide 3 to have a
lower electrophilicity value, v¼ 1.31 eV, as a con-
sequence of the electron-releasing character of the methyl
group. On the other hand, the benzotriazepinone 1 and 2
present electrophilicity values of 1.36 and 1.42 eV,
respectively. Therefore, they are classified also as
moderate electrophiles.


As regard to the Dv values computed for the studied
13DC reactions, which have been proposed as a measure
of the polar character of the cycloadditions,45 our results
indicate clearly the non-polar character of these
processes. Note that for the 13DC reactions of 1 and 2
with 3, the Dv values are 0.05 and 0.11 eV respectively.
The mesitylnitrile oxide 3 and the benzotriazepinone 1
and 2 present similar electrophilicity values, and in
consequence, either of them has any tendency to supply
electron density to the other. This analysis is in clear
agreement with the very low charge transfer found at the
TSs, and with low solvation of the corresponding TSs by
benzene.


CONCLUSIONS


The 13DC reaction of mesitylnitrile oxide 3 to
benzotriazepin-5-one 1 proceeds with complete chemo-
and regioselective reaction. Only one cycloadduct 4 was
obtained in 30% yield and it has been characterised using
NMR, mass spectroscopy, and X-ray crystallography. The
molecular mechanism of the reaction has been studied
using DFT calculation at B3LYP/6–31G� level. For-
mation of the cycloadduct 4 can take place along two
alternative mechanisms. The first one involves a 13DC
reaction between the C——N double bond of the
benzotriazepin-5-one 1 and mesitylnitrile oxide 3. An
analysis of the gas phase results indicates that this 13DC
reaction takes place along an asynchronous concerted
process, the formation of the experimental [3þ 2]
cycloadduct 4 being kinetically favoured. The cycloaddi-
tion presents a total regioselectivity. The second
mechanism is initiated by the nucleophilic attack of the
N3 nitrogen atom of the tautomer form of 2, to the C5
carbon of the nitrile oxide 3 to give an amidoxime 8. The
subsequent intramolecular attack of the O7 oxygen atom
to the C2 carbon atom with concomitant proton transfer
will afford the experimentally observed cycloadduct 4.
However, the strain associated to the four-membered
geometry demanded for the intramolecular proton
transfer process makes the second reaction to have a


very large energy barrier. The large energy difference
between the tautomers 1 and 2, makes that only the C——N
site of benzotriazepin-5-one 1 could act as a dipolarophile
site. This fact does the 13DC reaction to be chemose-
lective. The natural population analysis at the TSs
associated to these 13DC reactions points to the low polar
character of these cycloadditions. This analysis is in clear
agreement with the small difference in the electrophili-
city, Dv, between the reagents, and with the increase of
the reaction barrier observed in benzene.


CALCULATION DETAILS


In the present study, geometrical optimisations of the
stationary points along the potential energy surface (PES)
were carried out using the corrected functional of Becke,
Lee, Yang and Parr (B3LYP),46 for exchange and
correlation together with the 6–31G(d)47 basis. The
stationary points were characterised by harmonic
vibrational frequency analysis in order to verify that
minima and transition structures have zero and one
imaginary frequency, respectively. The corresponding
zero point energy (ZPE) corrections were calculated for
all optimised structures and scaled by the empirical factor
0.98.48 Free energies, computed at 80 8C, have been
estimated by means of the potential energy barriers along
with the B3LYP/6–31G� harmonic frequencies. The
enthalpy and entropy changes are calculated from
standard statistical thermodynamic formulas.47 Starting
from a transition structures, the intrinsic reaction
coordinate (IRC)49 pathway has also been constructed
in order to verify further its identity and also map out a
minimum energy reaction pathway. The optimisations
were carried out using the Berny analytical gradient
optimisation method.50 Several conformations for all
stationary points have been considered and those
presented correspond to the most stable ones. The
electronic structures of stationary points were analysed by
the natural bond orbital (NBO) methods.51 All calcu-
lations were carried out with Gaussian 98 Suite of
program.52 The solvent effects have been considered by
B3LYP/6–31G� single point calculations over the gas
phase optimised structures using a self-consistent reac-
tion field53 (SCRF) based on the PCM method of the
Tomasi’s group.54 Since these reactions are carried out in
benzene, we have selected its dielectric constant at
298.0K. The global electrophilicity v 28 is given by the
expression v¼ (m2/2h), in terms of the electronic
chemical potential m and the chemical hardness h.28


Both quantities may be approached in terms of the one
electron energies of the HOMO and LUMO molecular
orbitals, eH and eL, as m� (eHþ eL)/2 and h� (eLþ eH),
respectively. The HOMO and LUMO energies have been
calculated at the ground state of the molecules at the
B3LYP/6–31G� level.43
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EXPERIMENTAL SECTION


Uncorrected melting points were taken on a Buchi 510
apparatus. The 1H NMR spectra were recorded with a
Bruker WP 400 CW. Me4Si was used as an internal
standard and CDCl3 as the solvent. The


13C NMR spectra
were measured on a Varian FT 80 (100MHz). Mass
spectra was recorded with an Jeol JMS DX 300. The
X-ray structure was solved by direct methods using the
SHELXS and it was refined by least-squares analysis
using the SHELXL (SHELX97) program.55 Scattering
factor, dispersion corrections and absorption coefficients
were taken from International Tables for Crystallogra-
phy.56 Column chromatography was carried out using
E-Merck silica gel 60F 254. Reagents and solvents were
purified in the usual way.


The benzotriazepin-5-ones were prepared by reaction
of isatoic anhydride and methylhydrazine, and then
reacted with appropriate ortho esters according to a
literature method.52


Cycloadduct 4 was obtained by reaction of
1,3,4-benzotriazepinone (0.0107mol) 1 with mesitylni-
trile oxide (0.011mol) 3 at reflux in dry benzene (40ml)
during 8 h. The residue was concentrated under reduced
pressure and purified by chromatography on silica gel
column (hexane/ethyl acetate). The isolated product 4
was recrystallised at room temperature by adding a few
drops of ethyl acetate to hexane saturated solution.


3-mésityl-5-méthyl-4,5,11,11a-tetrahydro-6H-[1,2,4]
oxadiazolo[5,4-b][1,3,4]benzo- triazépin-6-one 4.


Rdt: 30% F¼ 209–210 8C (Ethanol)
RMN1H; CDCl3; (dppm): 1.30, 2.15, 2.25 (3s, 9H,


Ar-CH3); 3.25 (s, 3H, N5-CH3); 4.65 (s, 1H, N11-H);
6.65–6.75 (3s, 3H, 2HAr, H-C11a); 6.85 (d, 1H,C10);
7.05 (t, 1H, H-C8); 7.35 (t, 1H, H-C9); 7.65 (d,1H, H-C7).


RMN13C; CDCl3; (dppm): 19.7, 20.6, 21.5 (Ar-CH3);
38.1 (N5-CH3); 100.8 (C11a); 123.3, 124.5, 129.1, 129.6,
132.6, 133.8 (C10, C8, 2CHAr, C9, C7); 119.1, 138.1,
139.4, 140.3, 140.9 (C6a, 4CAr, C10a); 153.7 (C3); 172.6
(C6).


Masse (FAB): m/z 337 (100%) [MþH]þ.
Crystal data: Monoclinic, space group C2/c, T¼


293(2) K, a¼ 14.642(10), b¼ 8.031(5), c¼ 28.659(21),
a¼ 90.008, b¼ 98.18(1)8, g ¼ 90.008, V¼ 3335.9(4) Å3,
Z¼ 8, observed reflections, 2,708 with I> 2s(I),
R¼ 0.0507, wR¼ 0.1389.


SUPPLEMENTARY MATERIAL


Table given B3LYP/6-31G� total energies, zero-point
corrections, thermal corrections to enthalpy and entropy
in gas phase and total energies in benzene, and B3LYP/
6-31G� Cartesian coordinates for the stationary points
involved in the reaction of benzotriazepinones 1 and 2
with the mesitylnitrile oxide 3.


Acknowledgements


This work has been partially supported by the Agencia
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ABSTRACT: A theoretical study on quantum yields (QYs) of the photochromic cyclization and cycloreversion
reactions is presented. It is shown that the thermodynamic relative stability of various energy minima on the ground
state is primarily important for the cyclization reactions. On the other hand, the profile of the excited state potential
energy surfaces (PESs) and the locations of conical intersections (CI) are important for the cycloreversion reactions.
Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION


Photochromism is an interesting research subject, since
its potential application to the molecular switches and
molecular memories is expected in the near future.1 In
order to be an industrially feasible material, several
physical properties such as the thermal stability, fatigue
resistivity, magnitude and position of absorption bands
and the optimum quantum yields (QYs) are required.
Amongst many photochromic molecules, diarylethene
derivatives are one of the most promising photochromic
families, because of their distinct photochromic perform-
ances as well as the extraordinary fatigue resistivity.1,2


We have previously reported a series of theoretical
studies on the photochromic properties of diarylethenes.
The thermal stability has been elucidated with the state
correlation diagram, and the discussions whether the
possible photochemical and thermal reactions are
symmetry allowed or forbidden have been done.3a
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Although fatigue resistivity is the most critical request
for the industrialization of all organic materials,
theoretical approaches to it are powerless unless the
mechanism of degradation processes or side reactions are
clarified. Therefore this problem has been solved only by
experimental approaches. On the other hand, the problem
how to design the properties of absorption bands3b has
been investigated theoretically for several industrially
important dyes.3c Although the guiding principles for
thermal stability as well as the designing properties of
absorption bands were proposed and their validity
ascertained,3a,b the last property, that is, how to control
the QYs of the photochemical reactions, is the most
difficult subject, since the mechanism which determines
the value of the QYs remains counter-intuitive, due to a
paucity of detailed experimental information on the
excited states.


The QY is an important property from the viewpoint of
applications. For example, in the molecular memory –
oriented application, for the sake of a device’s efficiency,
a large QY is expected in cyclization as well as in
cycloreversion. In some applications, such as write-once
media, the QY of either of the back-and-forth reactions
should be zero.
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Non-destructive read out of the memory is an
indispensable condition for the rewritable optical
memory media using photochromic compounds. Because
the irradiation of light which is absorbed by the
compound should induce photoreaction, some idea to
prevent the destruction of the memory is necessary. As a
trial approach, we have studied the use of regular IR
light4a and the IR light in the near field.4b Alternatively, if
QY is wavelength-dependent and there is a wavelength
which still has the absorption but the QY is zero, the
problem is solved: We can read the data by checking the
absorption without inducing the photoreaction, and we
can erase the data by the light where the QY is non-zero.
Although there are many experimental studies on QY of
various diarylethene derivatives1, the principle which
determines QY is so unclear that the examination of the
structure – QY relationship of the reported compounds
did not give the answer. For example, a molecule showing
QY¼ 1.0 in crystal and 0.59 in hexane,5a whereas another
molecule showing QY¼ 0.0 in crystal and 0.35 in
hexane5b (vide infra). In this case, we believe that the
theoretical study to clarify the relationship between the
structure and QY will be effective.


In this paper, we will first review our previous
theoretical studies on QY, and will then report a new
feature that determines QY as a reflection of the energy
profile of the excited state potential energy surfaces
(PESs). The potential energy profiles of two model
reactions are compared, taking into account in particular
its relation to the cycloreversion QY. These two model
molecules are the elemental frame of various derivatives.
We call these two photochromic diarylethene models as
‘Normal type (N)’ and ‘Inverse type (I)’, respectively.

Scheme 1. Parallel and Anti-parallel conformers

METHOD


Ab initio molecular orbital method was used for all the
calculations. For the most part we used the 6-31G basis
sets and the complete active space self-consistent-field
(CASSCF) method. The active space of CASSCF (10,10)
was employed, where the numbers of p-electrons and
orbitals are represented in the parenthesis, respectively.
That is to say, 10 electrons were placed in the 10p orbitals

Copyright # 2007 John Wiley & Sons, Ltd.

for the open-ring isomers. For the closed-ring isomers,
the 10p orbitals correspond to the 2s and 8p orbitals. It is
known that for the check of the dynamic correlation effect
and the basis set dependency, the additional calculations
of CASSCF (14,14) with the active space including four
more s electrons and s orbitals of the C—S bonds, as well
as CASSCF (10,10) with the 6-31G� basis sets and
CASPT2 (10,10) were necessary.2d,e These additional
studies were intensively performed on the frame model
molecule of the (N)-type and reported in the cited
reference. This will be mentioned later. We used the
GAMESS,6 MOLCAS7 and MOLPRO8 program
packages.


RESULTS AND DISCUSSION


Cyclization quantum yield dependence on
ground-state population of conformers


A theoretical study which attempted to shed light on the
determining factor of the cyclization QY has been
reported.9 The motivation of the study was to understand
the interesting experimental result that whereas the
replacement of methyl groups at C-2 of both benzothio-
phene rings of 1,2-bis(2-methyl-3-benzothienyl)per-
fluorocyclopentene 1 with isopropyl groups was effective
to increase the cyclization QY,10 it was not effective for
1,2-bis(2-methyl-5-phenyl-3-thienyl) perfluorocyclopen-
tene 2. As shown in Scheme 1, there are anti-parallel and
parallel conformations for the open form of both 1 and
2.10 Upon irradiation of UV light, the anti-parallel
conformer can cyclize to be a closed form, while the
parallel conformer cannot cyclize, and therefore the
population of the two conformers is directly related to
the cyclization QY.


Indeed, the introduction of isopropyl groups increased
the QY from 0.35 of 1 to 0.52 of 1-isp as a result of the
increase in population of anti-parallel conformer of 1-isp
(94:6) compared to that of 1 (65:35), determined by
1H NMR.10
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Scheme 2. Potential Energy Surfaces of Cyclization Reaction
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Although the population of the anti-parallel conformer
increases in the case of the 2-isp, the QY does not increase
correspondingly.9


The CASSCF-obtained excited state PES9 explains the
reason why the population increase of anti-parallel
conformer does not contribute to the increase in the
cyclization QY. For 2 and 2-isp molecules, the PES of
cyclization is schematically shown in Scheme 2. On UV
irradiation the open-ring conformer of the ground state
will be excited to the allowed 1B Franck-Condon (FC)
state, (direct excitation to 2A from 1A is symmetry
forbidden), then the excited state must shift onto 2A state,
since the ground state is A state. In fact the CASSCF
results show that there is 2A state near the 1B state.9b If
the relaxation from the 1B FC state proceeds towards the
non-reactive side (to the right direction in Scheme 2) via
2A to 1A state, it turns out to be no reaction and a simple
return back to the initial open ring ground state of 1A. If
the minimum of 1B is located sufficiently left compared
to the position depicted in Scheme 2, then the shift will be
in favour of the cyclization. It is the case of 1 and 1-isp,

Copyright # 2007 John Wiley & Sons, Ltd.

where the anti-parallel population of the ground state is
directly related to the cyclization QY, while in case of 2
and 2-isp the situation is just as shown in Scheme 2.
Therefore the increase in the anti-parallel population at
the ground state is not sufficient to determine QY. In
general, it is also necessary to consider the profile of the
excited state PES. Its importance will be discussed later.

Comparison of cyclization quantum yields in
crystals and in solution


Experimental measurements of cyclization QYs were
also carried out in crystals for 1 and 2. Surprisingly, 2
showed the QY 1.0 in crystals and 0.59 in hexane
solution.5a By contrast, the QYs of 1 are 0 in crystals and
0.35 in hexane.5b To explain these results, both the
structural and theoretical studies were required. Kobatake
et al.5b,11 carried out X-ray crystallographic analysis of a
number of diarylethenes, and concluded that when the
distance between two bond-forming carbon atoms
(hereafter denoted as R(C—C)) in open forms is longer
than 4 Å no cyclization is possible in crystals. As the
R(C—C) of 1 was 4.353 Å by X-ray and 4.477Å by
calculation at the HF level, the cyclization QY in crystals
was 0. On the other hand, as the R(C—C) was 3.507 Åand
3.797 Å by X-ray and HF level calculation, respectively,
the QYof 2 was 1. These results were reproduced on the
theoretical PES of the excited states of 1 and 2, as shown
in Fig. 1.12 Geometrical relaxation started from the FC
state when generated from the stable anti-parallel
structure led smoothly to the geometry of the closed
form for 2, but did not for 1. It is notable that there is no
energy barrier in cyclization path on the excited state
PES, which is different from the ring-opening cyclor-
eversion reactions. This will be mentioned later.


The cyclization QYs in hexane solution were explained
by the argument of the population of anti-parallel and
parallel conformers, together with an additional analysis
of ground-state vibrations.12 As for 2, it is natural to
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Figure 1. Cyclization PES for the molecule (1) with squares,
and (2) with circles (Reference)12. When the geometry
relaxation from the 1B FC state of (1) with R(C–C)¼ 4.477 Å,
, no cyclization is observed (corresponding to the reaction in
solid). With an aid of low energy vibrational mode having a
twist angle of 508, the cyclization does occur (corresponding
to the reaction in solution). As R(C–C) distance of 1B FC state
of (2) is less than 4 Å, which is the critical distance (Reference
11), this state relaxes smoothly towards the cyclization,
shown with circles. Energies are obtained by optimizing
other geometries by fixing R(C–C) at different distances
by CIS method with 6-31G basis set
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assume that 2 can take the anti-parallel conformation with
less than 4 Å R(C—C) in solution. On the other hand, as
the most stable anti-parallel conformation of 1 has longer
R(C—C) than 4 Å in solution, it may not take the
conformation that is ready to cyclization. However, the
cyclization of 1 does occur in solution. To explain this
result, the theoretical vibrational frequency analysis can
be employed.12 The ground-state PES of anti-parallel
conformer of 1 is so shallow that the conformation with
the R(C—C) shorter than 4 Åcan have population in a soft
environment such as hexane solution by the aid of
vibrations with very low frequencies, which is impossible
in rigid environment such as in crystal.

Quantum yield of cycloreversion: the
potential energy surface (PES) of (N)-type


The study of the QY in cycloreversion was necessary to
elucidate a substituent effect at the C-5 positions of the
thiophene rings. When the conjugation of the substituents
at C-5 was longer, the cycloreversion QY was smaller. It
was interpreted by evaluating the energy gradient, which
is the intra-molecular force at the FC state of the closed
form. The energy gradient of the FC state which
determines the driving force of the cycloreversion
reaction becomes small when the conjugation of the
substituent increases. Thus, only information about the
electronic properties in the FC state could provide a

Copyright # 2007 John Wiley & Sons, Ltd.

satisfactory explanation13 without obtaining the precise
PES of the excited state. We were able to do this, because
we were dealing with a series of the same sort of
substituents which differed only in the size of the
conjugation.


In more general cases, the positions and the type of
substituents are significantly different. We therefore
clarified the PES profile to explain the experimental
results shown in Fig. 2.1 Thus the cross section of the PES
was calculated for the model frame molecule of the
(N)-type by fixing only R(C—C) at different distances
among the molecular geometrical variables, expecting
that the critical energy profile and specific features on the
PES such as energyminima, saddle points, and position of
Conical Intersections (CI) would be obtained. Then the
substituent effect was taken into account by calculating
molecules with substituents at the designated positions.


The PESs and CI positions of (N)-type molecule were
obtained14 and depicted in Fig. 3. For the ground state and
two lower excited states (2A and 1B), we calculated the
cross section of PESs by fixing only R(C—C) at different
distances among the molecular geometrical variables
within C2 symmetry. The R(C—C) is defined as the
distance between the two reactive carbon atoms as before.
The optimized saddle points and stationary points with C2


symmetry were verified to be local minima by the
frequency analysis. Although the calculations of CI were
carried out without symmetry, the symbols of C2


symmetry were used for the better understanding.
Detailed check of the basis set and dynamic correlation
were performed and reported in the references.14a,b


Irradiation of visible light to the closed form generates
the excited 1B state via an allowed transition, and then
moves to the 2A dark state15 via the CI point of 1B/2A CI
(C) (C means closed form side). The excited state will
have lifetime on the 2A state. During the thermal
fluctuation around 2Ac (local minimum on 2A PES)
the system will have enough time to traverse over the
transition state between 2Ac and 2Ao. It stays near the
local minimum around 2Ao, then the cycloreversion
reaction occurs by passing through the CI point of 2A/1A
CI (O) (O means open form side). Since the obtained PES
and the location of CIs are for the frame molecule, and do
not involve all the flexibility of real molecules (e.g. the
perfluorocyclopentene part is truncated from all mol-
ecules; shown in Figs 2 and 4), it is difficult to consider
other non-radiative relaxation or emission which can
compete with the cycloreversion reaction. Although it is
beyond the scope of the available knowledge of today to
evaluate these probabilities, we would assume that the
most fundamental factor that determines QY is the
probability that the system undergoes from 2Ac to 2Ao. If
this hypothesis is correct, the energy difference (DE)
between 2Ac and 2Ao predicted by theoretical calculation
may be an index of the cycloreversion QY. In fact, for the
various derivatives of diarylethenes shown in Fig. 2, an
interesting correlation between the experimental QY and
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Figure 3. PES of the (N)-type frame molecule. Each point is
obtained by the state specific CASSCF(10,10) method with
6-31G basis set, by fixing R(C–C) at different distances and
optimizing other geometrical freedoms. Stationary points
(1Ao, 1Ac, 2Ac, 2Ao, 1Bc and1Bo) and saddle points (1ATS,
2ATS and 1BTS) are obtained without geometry constraints
at the C2 symmetry, and verified by frequency analysis.
Conical Intersections (2A/1A CI(C), 2A/1A CI(O), 1B/2A(C),
1B/2A(C0) and 1B/2A(O) are obtained by the state-averaged
CASSCF(10,10) method. FC denotes Franck-Condon state.
Refer to text and References 14b and 15b for details


Figure 2. Experimental QY in cycloreversion (Reference 1)
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DE has been obtained, as shown in Fig. 4. If this is not a
coincidence, the correlation can guide us to the method of
molecular design having appropriate QY through the
calculation of DE. Indeed, two newly synthesized
molecules16 in which the methyl groups at the C-2
positions on the thiophene rings were replaced by cyano
groups (CN) and by methoxy groups (CH3O) showed
fairly good correlation (DE¼�0.8 kcal/mol and DE¼

Figure 4. Correlation of experimental QY with calculated
E(2Ac)�E(2Ao) (¼DE). Two points are added in the previously
reported data (Reference 14a); 2, 20CN– (DE¼�0.8 kcal/mol)
and 2, 20 CH3O– (DE¼�13.8 kcal/mol), for which the same
level of calculation of CASSCF(10,10)/6-31G were used
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Table 1. R(C–C) and energies of (I)-type frame molecule of
the representative points, obtained at the CASSCF(10,10)/
6-31G level


State structure R(C–C) [Å] Energy [kcal/mol]


1Ac 1.568 0.0a
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�13.8 kcal/mol, respectively). They are shown in Fig. 4,
in which other points are the same as the previously
reported values.14a It suggests that the forwarding pro-
bability17 from 2Ac to 2Ao, which is strongly correlated
to the energy difference (DE) between 2Ac and 2Ao, turns
out to be the dominant QY determining factor.

1Ats 2.354 40.9
1Ao 3.546 �12.4
2A FC(C) 1.568 150.3
2Ao 3.203 73.3
2A FC(O) 3.546 125.8
1B FC(C) 1.568 153.9
1B FC(O) 3.546 134.7
1Bo 4.089 87.5


aECAS(1Ac)¼�1178.2040065687 au.

Quantum yield of cycloreversion: the
potential energy surface (PES) of (I)-type


Although the QYs of photocyclization reactions are not so
small in general and often reach 1.0 in crystals as
mentioned in Section ‘‘Comparison of Cyclization Quan-
tum Yields in Crystals and in Solution’’, the QYs of
cycloreversion reactions are various and do not usually
exceed 0.5 (Fig. 2). One of the exceptions was reported by
Uchida et al. for the (I)-type compound. The experimental
QY of 0.58 was recorded for 1,2-bis(3,5-dimethyl-2-
thienyl) perfluorocyclopentene,18 which provides an
opportunity to carry out the theoretical analysis to
compare the properties of PESs of (N)- and (I)-type
diarylethenes.19


The PES of the cycloreversion reaction for the (I)-type
frame molecule was obtained by the calculations with the
same method as previously adopted.14a,b The results are
summarized in Fig. 5 and in Table 1. It should be noted
that there is no barrier, or only a very small one if
anything, on the 2A surface from the closed form to the
open form. On irradiation by visible light, the photo-
chemically allowed FC state on 1B is generated. Although
the location of CIs was not obtained, the excited state in
the 1B state may shift onto the 2A state in a similar way to

Figure 5. PES of the (I)-type frame molecule calculated by
the CASSCF(10,10)/6-31G method


Copyright # 2007 John Wiley & Sons, Ltd.

the (N)-type molecule if there is an effective CI, as it is
assumed from the shape of the PES. If an effective CI does
not exist, the excited state on 1B state arrives at the open
form region, where the cycloreversion reaction would
occur to give the ground state open form. The shape of
PES suggests that as the cycloreversion reaction would
not suffer retardation from the barriers, it is so smooth that
the QY of the (I)-type would have a large value. In fact,
the recorded QY of 0.58 for 1,2-bis (3,5-dimethyl-2-
thienyl)perfluorocyclopentene is a remarkably large value
as the cycloreversion QY.


Quantum yield of cycloreversion: the
comparison of (N)- and (I)-type molecules


Given that the difference of the 2A state energy profile
between the (N)- and (I)-type molecules provides an
explanation for why cycloreversion QYs in the (I)-type

Figure 6. State correlation diagram of the (N)-type mol-
ecules. In parentheses are the number of electrons belonging
to a and b orbital symmetry with C2 symmetry. For example,
A(44,40) means the ground state of the closed form having
the state symmetry of A, composed of 44 electrons with a
symmetry orbitals and of 40 electrons with b symmetry
orbitals. Refer to Reference 3a for details
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Figure 7. Proposed diagram design from diabatization
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are large, the next step is to elucidate the origin of the
barrier. This barrier is evident from 2Ac to 2Ao in the 2A
surface of the (N)-type, whereas it is absent (or
negligible) in the 2A surface of the (I)-type. Since it is
difficult to find experimental information20 on this
question, we have interpreted it with the aid of
diabatization, which mathematically corresponds to the
inverse operation of diagonalization. It provides infor-
mation on the state correlation. In this regards, a
previously reported state correlation diagram 3a for the
(N)-type was adopted as the base of the qualitative
diabatization (Fig. 6). We have shown that the ground
state electronic structure of the closed form correlates not
with the lowest excited state but with the higher excited
state of the open form, and so the origin of the barrier
seems to be ascribable to this correlation.

Figure 8. Intermediates on the 2A excited state obtained by ca


Copyright # 2007 John Wiley & Sons, Ltd.

In order to increase the QY, the barrier on the 2A
surface needs to be very low, or ideally zero. Attempting
to decrease the barrier is not likely to change the
correlation of the electronic states, because the central
frame of the reaction from 1,3-cyclohexadiene to
1,3,5-hexatriene remains unchanged in all the cyclor-
eversion reactions, whether they are (N)- or (I)-types.
Instead, if we could change the relative thermodynamic
stability of the ground state between closed and open
forms, we would be able to change the excited state levels
of both sides proportionally. Thus, it might be the answer
to remove the barrier on 2A surface entirely. This
hypothesis is schematized in Fig. 7. As shown at the right
half of Fig. 7, the energy-level increase in 2A state at the
closed form will remove the barrier on the 2A surface. We
consider it as an explanation for the energy profile of the

lculation


J. Phys. Org. Chem. 2007; 20: 821–829


DOI: 10.1002/poc







828 S. NAKAMURA ET AL.

(I)-type reaction having no barrier on 2A (shown in the
2A surface in Fig. 5).


The presence of the barrier on 2A state in the (N)-type
and the absence of it in the (I)-type are closely related to
the possible intermediate on the excited state. Theoreti-
cally obtained geometries14b for 2Ac and 2Ao of (N)-type
are shown in Fig. 8a. The reactive carbon distances
R(C—C) of 2Ac and 2Ao are 1.56 Å and 2.27 Å,
respectively, indicating that 2Ac can be a stable
intermediate on the excited state whose R(C—C) is
close to the bond length of the normal single bond at the
ground state. On the other hand, the geometries for the
(I)-type are shown in Fig. 8b (refer also to Table 1).
Although the optimized structure corresponding to 2Ac
was not obtained, the structure of 2Ao having 3.20 Å of
R(C—C) was obtained by the calculations using the same
method. Because there is no stable intermediate
corresponding to 2Ac, the intermediate 2Ao is generated
directly from FC(C) on 2A surface. The reason for the
existence and non-existence of the intermediate in the
excited states, depending on whether it is (N)-type or
(I)-type, will be a future subject for quantum chemistry.

CONCLUSION


Due to a paucity of detailed experimental information on
the excited states, the explanation of magnitude of QYof
photochemical reactions remains counter-intuitive.
Therefore, a theoretical study on QYof the photochromic
cyclization and cycloreversion reactions of diarylethenes
with two distinct structural features, (N)-type and
(I)-type, has been presented. The population of the
conformation as well as the shape of PESs of the excited
states are important. It was shown that the energy profile
of the excited states PESs was critical, in particular
the energy barrier on the dark 2A state turned out to be
the determining factor of the QY. The shape of PES in the
(N)-type and the (I)-type reflected the limited and
large QYs of the cycloreversion reaction, respectively.
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arenediazonium ion with hydrophilic aminocarboxylic
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ABSTRACT: The reaction of 4-nitrobenzenediazonium ion, 4NBD, with the aminocarboxylic acids (AA) glycine and
serine was studied under acidic conditions by using Linear Sweep Voltammetry (LSV), which allows simultaneous
monitoring of 4NBD loss and product formation. Voltammograms of the reaction mixture are complex, showing up to
five reduction peaks. The reduction peaks at Ep¼�0.5 and�1.0V, not detected in the absence of AA, are associated to
products formed in the course of the reaction. The variation of their peak current, ip, with time shows a complex
behavior; that of ip (Ep¼�1.0V) follows a biphasic profile with ip increasing with time up to a maximum after which a
decrease is detected, suggestive of formation and subsequent decomposition of a transient intermediate, meanwhile ip
(Ep¼�0.5V) increases with time after an induction period. The peaks at Ep¼�0.1 and �0.8Vare associated to the
reduction of the diazonium group of 4NBD and, in the presence of AA ([AA]>>> [4NBD]), their peak currents
decrease exponentially with time following clean first-order kinetics for more than 3t1/2. The variation of kobs with
[AA] at a given pH is linear with an intercept equal to zero and that of log(kobs) with pH at constant [AA] is also linear.
Kinetic evidence is consistent with a reaction mechanism involving an irreversible, rate-limiting bimolecular step
which leads to the formation of an unstable triazene, which further decomposes yielding 4-nitroaniline among other
reaction products. Copyright # 2007 John Wiley & Sons, Ltd.


KEYWORDS: arenediazonium ions; amino acids; triazene; kinetics; N-coupling


INTRODUCTION


Arenediazonium ions, ArNþ
2 , virtually react with all


known nucleophiles because they behave as Lewis acids
in which the b-nitrogen is the center of electrophilic
character.1–4 Among others, reactions with ionic nucleo-
philes such as hydroxyl, alkoxide, cyanide, halides and
sulphite, and sulphate ions are well known.1,2,4 Neutral
nucleophiles can also react with arenediazonium ions
through the b-nitrogen and C-, N-, O-, P-, and S-coupling
reactions may take place depending on the nature of the
atom of the nucleophile providing the lone pair of
electrons.5–8 The C- and N-coupling reactions attracted
special interest because they are the basis for azo dye and
triazene formation.4


Mechanistic understanding of azo coupling reactions
was initiated by Conant et al. 9 and Wistar et al. 10 but in


the last decades a number of phenomena found many
years ago in azo coupling and other substitution reactions
have been elucidated with regard to their structural and
mechanistic basis, including the detection of charge-
transfer11 and diazoether complexes.12–14 C-coupling reac-
tions are the basis for azo dye production but N-coupling
reactions have attracted considerable attention from the
biochemical point of view because they are employed as
specific reagents and probes of protein conformation15


and because the coupling of diazonium ions with free
histidine and tyrosine has been studied as a basis for
quantitative investigation of the behavior of proteins.16


For instance, Tracey et al. 17 characterized azo coupling
adducts of benzenediazonium ions with aromatic peptides
and proteins and Patt et al. 18 prepared radiolabeled
peptides by reacting [18F] 4-fluorobenzenediazonium ion
with cysteine.


We are currently determining the distribution of polar
organic molecules in emulsified systems by using
arenediazonium ions as chemical probes.19,20 Knowledge
of antioxidant distribution in food emulsions is important
because the efficiency of antioxidants in inhibiting lipid
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peroxidation depends, among others, on their distribution
within the different regions of the system.20–22 Because a
significant number of food emulsions are prepared by
using proteins as emulsifiers,23,24 we first investigated the
reaction between arenediazonium ions and amino acids
prior to exploring antioxidant distributions in protein-
based emulsions.


A literature survey indicates that there are not many
kinetic studies on the reaction of arenediazonium ions
with amino acids or proteins.1,2,4 Most of the studies have
been carried out in alkaline solution and contradictory
reports appear. For instance, Howard et al. 25 investigated
the reaction of diazonium compounds with amino acids
under alkaline conditions and reported that the products
of the reaction are pentaz-1,4-dienes, but later investi-
gations by Remes et al. 26 claimed that at pH� 8–10 only
triazenes are formed.


To minimize kinetic complications derived from
reaction of ArNþ


2 with OH� ions,4 we have employed
slightly acidic solutions (pH¼ 6). 4-Nitrobenzene-
diazonium, 4NBD, was chosen as a model substrate
because suitable rate constants can be obtained and
because a substantial knowledge on their thermal
decomposition in aqueous acid solution and in the
absence and presence of nucleophiles is available.27 In
addition, electron-withdrawing substituents in the aro-
matic ring make the arenediazonium ions much more
reactive against electrophilic substitution as opposed to
electron-releasing substituents (e.g., methyl), and in some
instances making dediazoniations to proceed through
homolytic pathways via O-coupling formation of
transient diazo ethers.12,14,28,29


The amino acids glycine and serine were chosen as
model compounds because they are hydrophilic and thus
predominantly found on the exterior surfaces of proteins,
where they can probably react more easily than the
hydrophobic analogues owing to the expected lower steric
hindrance.


Linear Sweep Voltammetry, LSV, was employed to
monitor the reaction because 4NBD is electrochemically
active bearing two electroactive sites, the diazonium,
—Nþ


2 , and the nitro, —NO2, groups, hence voltammo-
grams display a larger number of peaks, compared with
those obtained for reduction of arenediazonium ions with
no electroactive substituents. In addition to 4NBD ions,
their homolytic and heterolytic dediazoniation products
and derivatized azo dyes possess electroactive groups thus
allowing simultaneous determination of product yields
and rate constants electrochemically by monitoring either
the loss or the formation of a variety of products.12,30,31


The choice of LSV as working tool was also decided on
view of the results of preliminary UV–vis experiments
(not shown) carried out by monitoring the absorbance at
l¼ 370 nm due to product formation, revealing a
complex biphasic kinetic behavior with absorbances
increasing with time up to a maximum after which a slow
decrease was detected.


EXPERIMENTAL


Instrumentation


Voltammograms (LSV) were obtained on an Eco Chemie
Autolab, PGSTAT – 10 with VA Stand model 663
(Metrohm) fitted with a thermostated electrochemical cell
and operated with GPES Autolab 4.8 software on an
INFO-JC computer. A three-electrode system was
employed composed of a dropping mercury electrode,
a carbon electrode as auxiliary electrode, and an Ag/AgCl
(3M KCl) as reference electrode.


Materials


The amino acids, glycine and serine, and 4-nitrobenzene-
diazonium tetrafluoroborate were obtained from Across
Organics of the highest available purity. The amino
acids were used without further purification but 4NBD
was recrystallized three times from CH3CN/cold ether as
described elsewhere,32 and it was stored in the dark at low
temperatures to minimize its decomposition. The UV–vis
spectrum of an aqueous acid (2.0� 10�3M HCl) 4NBD
solution shows two broad bands, the main one centered at
l¼ 258 nm (e¼ 16450M�1 cm�1) and a shoulder at
l¼ 310 nm. The 1H NMR spectrum of 4NBD
in CD3CN at 25 8C is a pair of doublets of equal area
centered at d¼ 8.70 ppm (J¼ 7Hz) and d¼ 8.86 ppm
(J¼ 7Hz) in agreement with the literature data. 4NBD
stock solutions were prepared by dissolving the diazo-
nium salt in aqueous HCl to minimize diazotate formation
and they were freshly prepared and used immediately or
stored in an ice bath to minimize their decomposition.


Methods


Kinetic data were obtained by LSV. Under the
experimental conditions employed, three reduction peaks
are detected for 4NBD (see Fig. 1 and text for peak
assignment). Variations in their peak current with [4NBD]
are linear (correlation coefficient> 0.997) for the three
reduction peaks up to [4NBD]� 4� 10�5M, but the
lower detection limit and the highest linear range and
sensitivity (as measured by the slope of the linear plot)
were achieved for peak III, and therefore they were
employed to monitor the loss of 4NBD.


Observed rate constants for ArNþ
2 loss were obtained


by fitting the peak current ip–time data for at least three
half-lives to the integrated first-order Eqn (1) using a
non-linear least-squares method provided by a commer-
cial computer program.


ln
ðipÞt � ðipÞ1
ðipÞ0 � ðipÞ1


� �
¼ �kobst (1)
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All kinetic runs were carried out at T¼ 30 8C in
aqueous buffered (Britton–Robinson) solutions. Dupli-
cate or triplicate experiments gave average deviations less
than 7%. Stock 4NBD salt solutions were prepared by
dissolving it in the appropriate acidic (HCl) mixture to
minimize reaction with OH� ions, which lead to diazotate
formation.33 Typical 4NBD solutions were of final
concentrations about 1� 10�4M and [HCl]¼ 3.6�
10�5M and were used generally immediately or within
24 h with storage in an ice bath to minimize spontaneous
decomposition.


RESULTS AND DISCUSSION


Figure 1 shows a typical voltammogram of 4NBD in
Britton–Robinson buffered aqueous solutions at pH¼ 6.0
displaying three reduction peaks, associated to the
chemical processes indicated in Scheme 1, in agreement


with previous electrochemical studies.12,31,34 Peaks I and
III are connected to the one-electron reduction of the
—Nþ


2 group yielding the corresponding arenediazenyl
radical, ArN�


2 (peak I) which undergoes subsequent
reduction to finally yield the hydrazine ArNHNH2, (peak
III). Peak II is associated to the reduction of the —NO2


group which yields the corresponding amine.35


Addition of glycine or serine to an aqueous acid 4NBD
solution leads to more complex voltammograms, and up
to five reduction peaks are detected. Figure 2, chosen as
representative, shows the voltammograms obtained at
different times for the reaction between 4NBD and serine,
the arrows indicating the trend in the variations of the
peak currents, ip, with time. Peaks I, II, and III are
associated to the reduction of the —Nþ


2 (I and III) and
—NO2 groups of 4NBD, as shown in Scheme 1, and two
new reduction peaks, not observed in the absence of
amino acid, are detected at Ep��0.5V (peak IV) and
Ep��1.0V (peak V). Under pseudo-first-order con-
ditions ([AA]>>> [4NBD]), the ip values of the signals
associated to the reduction of the —Nþ


2 group of 4NBD
(peaks I and III at Ep��0.10 and �0.8V, respectively)
decrease exponentially with time following a first-order
kinetics for at least 3t1/2, as shown in Fig. 3 for peak III.
Because of the higher sensitivity of peak III compared
to that of peak I, kobs values for 4NBD loss were
obtained by fitting the variations in ip (Ep��0.8V) with
time to the integrated first-order equation (see Section
‘Experimental’).


The variations with time of ip of peaks IVand Vare also
displayed in Fig. 3, showing a much more complex
pattern of behavior as that of peak III. The peak current of
peak IV (Ep��0.5V) increases with time after an
induction period but that of peak V (Ep��1.0V) shows a
biphasic behavior, with ip values increasing up to a


Figure 1. Linear sweep voltammogram of an aqueous buf-
fered solution (Britton–Robinson, pH¼6.0) of 4NBD show-
ing the three reduction peaks associated to the chemical
processes indicated in Scheme 1. [4NBD]¼ 2.7�10�5M,
T¼ 30 8C. Step potential DE¼2mV, scan speed v¼
500mV s�1


Scheme 1. Chemical processes associated to the reduction
peaks of 4NBD


Figure 2. Overlapped linear sweep voltammograms of the
reaction between 4NBD and serine in aqueous buffered (BR,
pH¼ 6) solution obtained at different times. [4NBD]¼2.7�
10�5M, [Serine]¼ 3.8�10�3M, T¼30 8C. Instrumental
conditions as indicated in Fig. 1
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maximum after which a decrease is observed until no
reduction peak is detected. The highest peak current
achieved for peak V (Ep� 1.0V), Fig. 3, is reached when
85–90% of 4NBD has been consumed as indicated by the
ip value of peak III (Ep��0.8V). Similar voltammo-
grams and variations in the peak currents with time were
obtained when employing glycine instead of serine. The
global kinetic pattern is suggestive, therefore, of a
reaction mechanism between 4NBD and the amino acids
in which an unstable transient intermediate is formed.


The effects of acidity on the reaction of 4NBD with
glycine and serine were investigated by determining kobs
values for loss of 4NBD in buffered (BR) solutions of
different pH values at a constant amino acid concentration
in the pH¼ 5–6 range. Lower acidities were not
employed because kobs values were too high to be
measured electrochemically and to minimize the reaction
of 4NBD with OH� ions, which yield diazotates.3,36 At
higher acidities, reactions are very slow, with kobs values
approaching that for the spontaneous 4NBD decompo-
sition, whose half-life has been estimated to be t1/2�
215 h at T¼ 30 8C.37 Figure 4 shows that for both
glycine and serine, the plots of log(kobs) with pH are
straight lines of the type log(kobs)¼ log(kp)þ b(pH). By
using a least-squares method, the calculated slopes for
glycine and serine are b¼ (1.03� 0.05) and
(1.13� 0.05), respectively, indicating an inverse depen-
dence of kobs with Hþ].


Because the pKa for the carboxylic groups of the amino
acids is �2.1, there exists the possibility of 4MBD


reacting through the O-atom of the carboxylate group.
Reactions between arenediazonium ions and acetate ions
are known and they proceed, as most of the O-coupling
reactions, through an equilibrium step; however, the
equilibrium lies very much on the side of the starting ions
(K¼ 10�5M�1)1,2,4 and thus a hypothetical O-coupling
reaction should be negligible under the present exper-
imental conditions. The results are thus consistent with a
reaction between 4NBD and the amino acids taking place
through the non-protonated form of the amino group of
the amino acid (with the carboxylic group completely
ionized).


The effects of amino acid concentration on kobs for
ArNþ


2 loss were determined by increasing [AA] at a fixed
pH. Figure 5 shows the variation of kobs with [glycine] and
[serine] at three different acidities and, in all cases, linear
variations were found. By fitting the corresponding pairs
of data to a linear equation, the values of the slope,
intercept, and correlation coefficients given in Table 1 can


Figure 3. Variation of the peak currents of peaks III
(Ep��0.8V), IV (Ep��0.5 V), and V (Ep��1.0 V) with
time for the reaction between 4NBD and serine in aqueous
buffered (BR, pH¼6.0) solutions. Solid lines of peaks III
and V are the theoretical curves obtained by fitting the
experimental data to the integrated first-order equation
(see Section ‘Experimental’) and that derived from a con-
secutive reaction mechanism (Eq. 3, see Section ‘Discus-
sion’), respectively, meanwhile that of peak IV was added
to help the eye. [4NBD]¼2.7�10�5M, [Serine]¼3.8�
10�3M, T¼ 30 8C. Instrumental conditions as indicated in
Fig. 1


Figure 4. Variation of log(kobs) with pH for the reaction of
4NBD with glycine (&) and serine (&). kobs values were
determined by monitoring the disappearance of peak III (see
Figs 1 and 2 and text) with time. [4NBD]¼2.2� 10�5M,
[Glycine]¼ 3.7�10�3M, [Serine]¼8.2�10�3M, T¼30 8C


Figure 5. Variation of kobs with [amino acid] at different pH
values (buffer controlled). (*), pH¼ 5.48; (*), pH¼
5.68;(&), pH¼5.86; (&), pH¼6.0. [4NBD]�2.0� 10�5M,
T¼30 8C. The solid lines correspond to the theoretical values
calculated upon fitting the experimental data to a linear
equation. See Table 1 for calculated parameters
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be obtained. As shown in Table 1, the standard deviation
values of the intercepts are usually larger than the own
intercept value, and thus the intercepts are statistically
better considered as null.


It is known that 4NBD reacts with MeOH and other
alcohols under acidic conditions through the oxygen atom
leading to the formation of transient diazoethers of the
type Ar—N—— N—O—R0.13,14 Serine has a hydroxyl
group in its structure, and so one may hypothesize that a
similar reaction may take place. However, serine concen-
tration is much lower than that needed for O-coupling
reactions to compete with spontaneous decomposition
reactions, and so a hypothetical reaction between 4NBD
and serine through the OH group is unlikely.


In summary, results in Figs 2 and 3 are consistent with a
reaction mechanism where a transient intermediate is
formed, and the linear kinetic plots shown in Fig. 5 having
a negligible intercept suggest that the reaction does not
proceed through a reversible step.38 Therefore, all these
kinetic results are consistent with a reaction mechanism
involving the irreversible formation of an unstable
transient intermediate, a triazene, Scheme 2.


According to Scheme 2, the rate of disappearance of
4NBD is given by Eqn (2)


� d 4NBD½ �
dt


¼ k01½4NBD�½R� NH2� (2)


where k01 is the second-order rate constant for the
N-coupling reaction (first step of the proposed mechan-
ism), and where [R—NH2] represents the non-protonated


amino group of the amino acids which otherwise, under
the present experimental conditions, have the carboxylic
group fully ionized. Bearing in mind the different
acid–base equilibrium, the corresponding mass balances
for the amino acid and that we have worked under
first-order conditions, the observed rate constant for
4NBD loss is given by Eqn (3):


kobs ¼ k01Ka2½AAT�
Ka2 þ ½Hþ� (3)


where Ka2 represents the second ionization constant of
the amino acid (associated to the amino group), [Hþ] the
concentration of protons in solution, and [AAT] the
stoichiometric concentration of the amino acid.


Equation (3) predicts that, for a given [Hþ], the
variation of kobs with [AA] should be a straight line with a
zero intercept and a slope equal to k01Ka2=ðKa2þ½Hþ�Þ as
found experimentally, see Fig. 5. The average values for
the second-order rate constant k’1 for the reaction
between 4NBD and glycine and serine, calculated by
fitting the experimental data in Fig. 5 to a linear equation,
are k01¼ 2390� 16 and 376� 7M�1 s�1, respectively.
The intrinsic reactivity of glycine is about five times
higher than that of serine, which is related to the presence
of the hydroxy group. Remes et al. 26 studied the reaction
between 4-chlorobenzenediazonium ion and a number of
amino acids, finding no significant correlation between
the second-order rate constants and the pKa values, and
assumed that such differences were related to the
presence of heteroatoms in the molecule. This important
point was not further investigated and probably needs
extra attention.


Alternatively, Eqn (3) predicts that for those cases
where [Hþ]>>>Ka2, kobs should decrease upon increas-
ing [Hþ], that is, in a logarithmic scale the variation of
log(kobs) with pH should be a straight line with a slope of
unity, as it was found experimentally, Fig. 4.


Qualitative auxiliary experiments (not shown) reveal
that the life times for the formation of the transient
intermediate depend on amino acid concentration but not
that for its decomposition. In addition, a careful
examination of the voltammograms obtained at different
times reveals that the necessary time to reach the
maximum peak current for the intermediate is very
similar to that for the decomposition of 4NBD, suggesting
therefore that the formation and decomposition processes


Table 1. Values of the intercept (i), slope (s), and correlation
coefficient (cc) obtained by fitting the variation of kobs with
[amino acid] at different pH values to a linear equation, Fig. 5


pH I s cc


Glycine
5.48 (5� 90)� 10�6 0.21� 0.01 0.9965
5.68 (9� 9)� 10�5 0.30� 0.01 0.9983
5.86 (9� 20)� 10�5 0.39� 0.02 0.9955
6.03 (3� 1)� 10�4 0.58� 0.01 0.9990


Serine
5.48 (�10� 7)� 10�5 0.10� 0.01 0.9924
5.68 (�8� 10)� 10�5 0.12� 0.01 0.9886
5.86 (20� 6)� 10�5 0.16� 0.01 0.9988
6.03 (�3� 6)� 10�5 0.29� 0.01 0.9993


N2
+


NO2


+ 2HN-C-COO -


H


R1


NO2


N=N-NH-C-COO -


H


R1
Products


k´1 k2


Scheme 2. Proposed reaction mechanism for the reaction between 4NBD and amino acids leading to the formation of an
unstable triazene intermediate. The spontaneous thermal decomposition of 4NBD is not shown for simplicity and because it is
negligible under the present experimental conditions
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of the intermediate are independent processes having
substantially different half lives. Furthermore, the fact
that only the formation process depends on amino acid
concentration suggests that the second process is not due
to a subsequent reaction of the formed triazene with the
amino acid to give a pentaz-1,4-diene (Ar—N——
N—N—N—N——N—R0).2,4


To further confirm this hypothesis, we employed a
non-linear least-squares computation procedure to fit the
(ip, t) data to Eqn (4), which can be derived38 from a
reaction scheme consisting of a sequence of a bimolecular
reaction and a first-order reaction of the type


Aþ B �!k
0
1


I �!k2 P


Where A and B represent the two reactants and k01¼ k1/
[B] is the second-order rate constant for the formation of
the triazene (k1 represents the pseudo-first-order rate
constant of the process) and k2 is the rate constant for the
unimolecular decomposition of the intermediate I.
Because peak currents are proportional to substrate
concentration, Eqn (4) can be derived bearing in mind that
we worked under pseudo-first-order conditions (e.g.,
[4NBD]<<< [amino acid]). The solid lines in Figs 3
and 6 were obtained by fitting the corresponding
experimental data to Eqn (4) by means of a non-linear


least-square method provided by a commercial computer
program.


ip ¼ Dk1½4NBD0�
k2 � k1


½e�k1t � e�k2t� (4)


whereD is a constant that includes parameters relating the
peak current of a voltammetric peak to the concentration
of the analyte. In this way, values for k1 and k2 can be
obtained at different amino acid concentrations and at
different pH s. Figure 7 shows the variations found in k1
and k2 with [glycine]. To associate each of the rate
constants to the correct process38 we also plotted the kobs
values obtained for the loss of 4NBD by monitoring the
disappearance of the reduction peak III (extracted from
Fig. 5). It is apparent that the kobs values obtained by
monitoring 4NBD (reduction peak III) are identical to the
k1 values obtained by fitting the biphasic (or biexponen-
tial) variation of the peak current (reduction peak V) with
time to Eqn (4), thus providing further evidence for the
proposed mechanism.


The decomposition of arylalkyltriazenes has been
extensively studied revealing that the decomposition
products are typically arylamines and alcohols.39,40 For
instance, Isaacs et al. 41 investigated the acid decompo-
sition reaction of 3-alkyl-1-aryltriazenes with carboxylic
acids, concluding that the reaction takes place through a
mechanism involving a rate-determining proton transfer
and departure of an alkyl cation to finally yield an
arylamine and the corresponding alkylbenzoate. Thus, the
reduction peak observed at Ep¼��0.5V, whose peak
current variation with time does not follow a simple
kinetic equation but follows a sigmoidal variation with an
induction period, Fig. 2, can be associated to the
formation of 4-nitroaniline as final reaction product.


In conclusion, we have been able to show that the
reaction between 4-nitrobenezenediazonium ions and
hydrophilic amino acids takes place in slightly acidic or
basic solutions with the anionic form of the amino acid as
indicated by the inverse dependence of kobs with [Hþ].
The N-coupling reaction is irreversible and leads to the
formation of an unstable 3-alkyl-1-aryltriazene which,
under the present working conditions, further decom-


Figure 6. Variation of ip of the reduction peak detected at
Ep¼�1020mV in the course of the reaction between 4NBD
and glycine in buffered (BR, pH¼6) aqueous solution. The
solid line is the theoretical curve obtained by fitting the
experimental data to Eqn (4). [4NBD]¼2.2�10�5M,
[glycine]¼1.2� 10�2M, T¼30 8C. In the lower graphic,
the difference D between the calculated values according
to Eqn (4) and the experimental values is plotted versus time


Figure 7. Variation of kobs (&) for loss of 4NBD (obtained
by monitoring the disappearance of the reduction peak III)
and of k1 (*) and k2 (~) obtained by fitting the variation of
the peak current at Ep��0.1 V to Eqn (4)
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poses (probably acid catalyzed) to yield 4-nitroaniline
and other products.


Further research with hydrophobic amino acids is in
due course and will be part of a future report.
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Langmuir 2004; 20: 3047–3055.
20. Gunaseelan K, Romsted LS, Pastoriza-Gallego MJ, González-
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ABSTRACT: The kinetics of (salen)MnIII complexes catalysed oxidation of aryl methyl and alkyl phenyl sulphides
with hydrogen peroxide have been investigated at 258C in 80% acetonitrile – 20% water spectrophotometrically. The
reaction follows first-order kinetics in (salen)MnIII complex and zero-order kinetics in hydrogen peroxide. The order
of the reaction with respect to sulphide is fractional and saturation in reaction rate occurs at higher sulphide
concentrations. The pseudo first-order rate constants have been analysed as per Michaelis–Menten kinetics to obtain
the values of k2, the oxidant-substrate complex decomposition rate constant, and K, the oxidant-substrate complex
formation constant. The effects of nitrogenous bases, free radical inhibitor and changes in solvent composition have
also been studied. A suitable mechanism, supported by electronic-oxidant and electronic-substrate effect studies,
involving a manganese(III)-hydroperoxide complex as reactive species has been proposed. Copyright # 2007 John
Wiley & Sons, Ltd.
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INTRODUCTION


Reactions of oxygen atom transfer from H2O2 and alkyl
hydroperoxides are usually very slow1 and such reactions
are reported to be catalysed by an acid,2 a solid support3


and transition metal complexes.4–8 In recent years, studies
of metal complexes-catalysed oxygenations of alkanes,
alkenes and sulphides by dioxygen and/or peroxides are
being given considerable attention9–17 in view of their
relevance in understanding the mechanism of biological
processes.18 There are a number of reports on the
peroxide oxidation of organic sulphides catalysed by
metals and metal complexes.12,14,19 Among the various
peroxides employed in these studies, H2O2 is an attractive
oxidant since it is less expensive, environmentally benign
and gives only water as a by-product. We have recently
investigated20–28 the (salen)MIII complexes (salen¼
N,N’-ethylenebis(salicylideneaminato) and M¼Mn,
Cr, Fe or Ru) mediated oxygen atom transfer from PhIO
and NaOCl to organic sulphur compounds. Compared to
PhIO, H2O2 has been reported to afford higher yields of
sulphoxides and minimal over oxidation to sulfone.17


Moreover, with the same metal complex, PhIO and H2O2

to: A. Chellamani, Department of Chemistry,
undaranar University, Tirunelveli – 627 012, India.
ani@yahoo.co.in
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are known29 to produce different oxidising species.
Although the Jacobsen-type (salen)MnIII complexes have
been used as catalysts for the H2O2 oxidation of
sulphides, no detailed kinetic study has so far been
attempted. Also, it will be interesting to know whether the
(salen)MnIII complexes-catalysed oxidation of sulphides
by PhIO and H2O2 follows similar type of mechanism or
not. Herein we report the results obtained from a detailed
kinetic study on the oxidation of several alkyl aryl
sulphides with hydrogen peroxide catalysed by (sale-
n)MnIII complexes (1a–f).

d: 5,5'-(NO2)2
e: 7,7'-(CH3)2
f: 7,7'-(C6H5)2
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EXPERIMENTAL


Materials


All the sulphides were prepared by known methods20 and
were purified by distillation under reduced pressure or
recrystallisation from suitable solvents. Their purity was
checked by comparing the boiling or melting points with
the literature values. Further, the sulphides showed no
impurity peaks in 1H NMR spectra, and the HPLC
analyses proved the presence of a single entity in each
sulphide. (Salen)MnIII complexes 1a–f were prepared
by the reported method.10a,20 Acetonitrile (GR, E.Merck
India) was first refluxed over P2O5 for 5 h and then distilled.
EPR spectra were recorded with a JEOL JES-TE 100 X-
band EPR spectrometer in CH3CN.

Kinetic measurements


The kinetic runs of the oxidation of aryl methyl and alkyl
phenyl sulphides with hydrogen peroxide in the presence
of 1a–f were conducted in 80% acetonitrile-20% water at
25� 0.1 8C under pseudo first-order conditions using 10-
to 100-fold excess of sulphide over H2O2. Reaction
mixtures for the kinetic runs were prepared by mixing the
standard solutions of (salen)MnIII, sulphide and H2O2 in
varying volumes so that in each run the total volume did
not exceed 5.0 ml. The reaction mixture was shaken well
and quickly transferred to the 1 cm quartz cuvette. The
progress of the reaction was monitored by following the
changes in absorbance values at 400 nm in a Perki-
n–Elmer UV–Visible spectrophotometer (Lambda 3B)
fitted with thermostated cell compartments.


The pseudo first-order rate constants (kobs) for the initial
15–20% of the reaction were estimated from the slopes of
linear least square plots of ln (At–A1) versus time, where At


is the absorbance at time t and A1 is the experimentally
determined infinity point. The precision of kobs values is
given in terms of 95% confidence limit of Student’s t-test.30


The oxidant-substrate complex decomposition rate constant
(k2) and the complex formation constant (K) were then
obtained from the slope and intercept of double reciprocal
plot of kobs versus [sulphide]o.

Stoichiometry and product analysis


To a solution of 1a (0.0004 M) and methyl phenyl sulphide
(MPS) (0.01 M) in acetonitrile was added an aqueous
solution of H2O2 (0.0004 M) and the composition of
acetonitrile and water in the solvent mixture was maintained
at 80:20 by adding the solvents in the required proportions at
258C under nitrogen atmosphere. The reaction gave methyl
phenyl sulphoxide in�90% yield with negligible amount of

Copyright # 2007 John Wiley & Sons, Ltd.

sulfone, which established a 1:1 stoichiometry between
MPS and H2O2 as represented by Eqn (1).


H2O2 þ PhSMe �!ðsalenÞMnIII


PhSOMe þ H2O ð1Þ


Product analyses were done using a Shimadzu LC-8A
modular HPLC system (reverse phase column (ODS),
UV-detector at 258 nm) using 70% methanol as the mobile
phase. A mixture of 1a (0.0006 M), MPS (0.08 M) and H2O2


(0.006 M) in 80% acetonitrile – 20% water was allowed to
stand overnight. The reaction mixture was extracted with
chloroform and dried over anhydrous Na2SO4. The solvent
was removed under reduced pressure. GC and TLC analyses
of the residue showed the product to be methyl phenyl
sulphoxide (�90%) with negligible amount of sulfone.
After the organic product was chloroform extracted the
left behind brown residue gave an absorption spectrum
which resembled that of (salen)MnIII complex. The
productanalyses carried out with other complexes
and other sulphides also showed the formation of corres-
ponding sulphoxide as the product. The percentage yields of
sulphoxides determined from HPLC analyses ranged
between 75 and 95 depending on the complex and the
sulphide employed.

RESULTS AND DISCUSSION


Dismutation of hydrogen peroxide by
(salen)MnIII complexes


The (salen)MnIII complexes 1a–f show catalase-like
activity with hydrogen peroxide. When an aqueous
solution of H2O2 is added to a clear brown solution of 1a
(lmax �350 nm) at 258C, the solution gets darkened
associated with a brisk evolution of dioxygen as
represented in Eqn (2).


H2O2 ! 2H2O þ O2 ð2Þ


Similar catalase-like activity has been reported for mono-
and di-nuclear manganese,13,31,32 iron11,12 and cobalt17b


complexes in acetonitrile. The oxygen evolution observed
here stops after sometime and restarts on addition of a fresh
quantity of H2O2, thereby establishing the catalyst-like
nature of the complex. However, with subsequent additions
of H2O2, the oxygen evolution becomes less and less vigour
and after 10th or so addition the complex gets decomposed
to unknown products as indicated by the bleaching
of the complex solution. The dismutation of H2O2 is
accelerated by the addition of nitrogenous bases such as 1-
methylimidazole, 2-methylimidazole or pyridine as shown
by the more vigorous evolution of oxygen. This observation
is consistent with previous reports that nitrogenous bases
stimulate catalase-like activities of iron and manganese
complexes by binding to the metal centre.33 On the other
hand, addition of MPS greatly diminishes H2O2 dismuta-
tion and oxygen evolution.
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Figure 1. Spectral changes occurred during the mixing of H2O2 with an acetonitrile solution of 1a at 58C with time interval of
2min
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Under the present experimental conditions employed
(i.e. lower complex concentration and [complex]/[H2O2]
�1:30), the dismutation of hydrogen peroxide is
insignificant as evidenced by the iodometric estimation
of residual hydrogen peroxide.

Preliminary spectral studies


Addition of an aqueous solution of hydrogen peroxide
(0.004 M) to a clear brown solution of 1a (0.0004 M) at
258C causes an instantaneous darkening in the brown
colour of the solution. But, the darkening is not as much
as intense as observed20 when PhIO is stirred with the
complex. The UV–Vis spectral analysis of the dark
solution shows an absorption band with lmax �420 nm
indicating the formation of an intermediate complex. The
increase in concentration of this species with time is
evident from the spectra recorded at 58C (Fig. 1). When

Figure 2. The absorption spectra showing the decay of the
species formed from a mixture of 1a and H2O2 in the
presence of 0.15MofMPS at 258C in 80%acetonitrile-20%
water


Copyright # 2007 John Wiley & Sons, Ltd.

MPS (0.15 M) is added to this mixture, the spectral
analysis shows the reverse changes (Fig. 2) that is, the
species gets slowly decayed to finally give the original
spectrum of 1a. From these spectral observations it is
clear that mixing of solutions of 1a and H2O2 produces an
intermediate species which is responsible for the
oxidation of sulphide.

Kinetics of oxidation of aryl methyl sulphides


The kinetics of oxidation of aryl methyl sulphides
with H2O2 in presence of 1a–f was studied spectro-
photometrically in 80% acetonitrile – 20% water at 258C
by monitoring the reaction at 400 nm. The pseudo first-
order rate constants (kobs) obtained for the oxidation of
MPS are listed in Table 1. Comparison of rate constants
for the uncatalysed and catalysed oxidation of MPS (first
two entries) indicates that the presence of 1a accelerates
the reaction by a factor of �45 times and hence the
contribution of uncatalysed reaction between MPS
and H2O2 can be neglected. Furthermore, if sulphide is
added sometime after mixing H2O2 and complex, the rate
constants are lower than those obtained when sulphide is
added immediately by only 5–10% depending on the
length of the interval period. Therefore, the decay of the
complex in the absence of sulphide seems not to be
substantial.


Inspection of rate data in Table 1 reveals that the rates
are almost independent of initial complex concentration.
This, coupled with the excellent linearity (r> 0.995)
observed in ln (At–A1) versus time plots ensures the order
of the reaction with respect to complex is one. Also, the
constant kobs values at different initial concentration
of H2O2 show that the reaction rate is independent of
[H2O2]o. The interesting feature of the present system is
the fractional-order dependence of the reaction on the
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Table 1. Pseudo first-order rate constants for the oxidation
of MPS with H2O2 catalysed by 1a–f at 258C in 80%
acetonitrile-20% watera


102[MPS] (M) 103[H2O2] (M) 104[1]o (M) 104kobs (s�1)


1a
15.0 10.0 — 0.15� 0.02b


15.0 10.0 10.0 6.87� 0.76b


8.0 6.0 2.0 2.07� 0.04
8.0 6.0 3.0 2.12� 0.04
8.0 6.0 4.0 2.10� 0.12
8.0 6.0 5.0 2.14� 0.13
8.0 6.0 6.0 2.08� 0.15
8.0 2.0 2.0 1.91� 0.11
8.0 3.0 2.0 1.89� 0.08
8.0 4.0 2.0 2.01� 0.13
8.0 5.0 2.0 2.09� 0.14
4.0 4.0 4.0 1.48� 0.12
8.0 4.0 4.0 1.95� 0.16
15.0 4.0 4.0 2.48� 0.26
30.0 4.0 4.0 3.08� 0.27
40.0 4.0 4.0 3.29� 0.34


1b
4.0 4.0 4.0 1.23� 0.11
8.0 4.0 4.0 1.63� 0.17
15.0 4.0 4.0 1.99� 0.15
30.0 4.0 4.0 2.50� 0.20
40.0 4.0 4.0 2.63� 0.22


1c
4.0 4.0 4.0 2.31� 0.22
8.0 4.0 4.0 3.14� 0.28
15.0 4.0 4.0 3.89� 0.34
30.0 4.0 4.0 4.65� 0.45
40.0 4.0 4.0 5.03� 0.41


1d
4.0 4.0 4.0 5.84� 0.37
8.0 4.0 4.0 7.36� 0.64
15.0 4.0 4.0 9.55� 0.78
30.0 4.0 4.0 11.6� 1.0
40.0 4.0 4.0 12.2� 1.1


1e
4.0 4.0 4.0 1.14� 0.12
8.0 4.0 4.0 1.56� 0.13
15.0 4.0 4.0 2.01� 0.17
30.0 4.0 4.0 2.46� 0.18
40.0 4.0 4.0 2.60� 0.25


1f
4.0 4.0 4.0 0.85� 0.04
8.0 4.0 4.0 1.17� 0.09
15.0 4.0 4.0 1.64� 0.12
30.0 4.0 4.0 2.00� 0.15
40.0 4.0 4.0 2.09� 0.13


a The kobs values were determined by a spectrophotometric technique
following the absorbance changes at 400 nm over 15–20% of reaction;
the error quoted in kobs values is 95% confidence limit of Student’s t-test.
b Estimated iodometrically by following the unreacted H2O2.
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initial concentration of MPS. The rate constants obtained
for the oxidation of MPS catalysed by 1a–f do not
increase linearly with increasing concentration of
sulphide (Table 1). It may be seen from Table 2 that
this is the case with other aryl methyl sulphides also. The
fractional-order dependence on [sulphide]o is further
evidenced from the fractional slopes (Table 2) shown by
the double logarithmic plots between kobs and [sulphide]o.

Copyright # 2007 John Wiley & Sons, Ltd.

The double reciprocal plots of kobs versus [sulphide]o


(Lineweaver–Burk plots) are excellently linear (Fig. 3,
r> 0.991) thereby indicating that the reaction follows
Michaelis–Menten type kinetics involving an intermedi-
ate complex formation between the oxidant and the
sulphide.


Addition of a small amount of 2-methylimidazole, as
low as 0.0004 M, to a solution containing 1a and H2O2 in
a 1:10 ratio, induced the dismutation of H2O2. Other
nitrogenous bases, such as 1-methylimidazole and
pyridine also showed a similar effect. Spectral analysis
of the solution showed similar changes as depicted in
Fig. 1, but with a much faster rate. When the experiment
was repeated in the presence of MPS (0.15 M), the
increasing trend of the absorbance continued, implying
that the oxidation of MPS did not occur. These results
suggest that the nitrogenous bases bind to the manganese
centre irreversibly. It has been reported12,13,32 that bases
such as imidazole stimulate catalase-like activity of iron
and manganese complexes through binding to the metal
centre. The fact that the oxidation of sulphide does not
occur in the presence of 2-methylimidzole implies that
the nitrogenous base has greater binding affinity for metal
centre than MPS, thereby indicating that the coordination
of sulphide to the metal centre is a required condition for
oxidation to occur. The reaction rate for the 1a catalysed
oxidation of MPS with H2O2 is almost unaffected
(Table 3) by the presence of N-phenyl-1-anthranilic acid,
a free-radical inhibitor. The retardation of reaction rate by
this inhibitor in the metal-cyclam complex catalysed
epoxidation34 and by ionol in the (salen)CoII catalysed
epoxidation29b with TBHP have been taken in favour of
free-radical oxidising species. Consequently, it may be
inferred that free radicals are not involved in the
rate-controlling step of the present reaction. The rate
of the reaction increases with increase in water content in
the solvent mixture (Table 3). A plot of log kobs versus 1/e
is linear35 (r¼ 0.994). The observed effect is similar to
that reported in the oxidation of organic sulphides
by H2O2 in the presence of a diiron complex.12

Mechanism


In previous reports of metal complexes catalysed
oxidation studies with peroxides, metal-oxo,10b metal-
peroxo9,36 and in some cases metal-independent peroxo
radicals11,17,29a have been discussed as reactive species.
The non-involvement of metal-independent peroxo
reactive species in the present reaction is strongly
indicated by the absence of any effect of N-phenyl-
1-anthranilic acid. Furthermore, manganese complexes,
among a set of metal complexes containing the same
ligand, behave peculiarly by not preferring the meta-
l-independent reactive species in oxidation reactions
catalysed by them.34,37 The fact that the oxidising species
in the present study is a metal-derived one is also
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Figure 3. Lineweaver–Burk plots for the reactions involving (a) p-NO2C6H4SMe and 1a, (b) MPS and 1b, (c) MPS and 1a,
(d) p-OMeC6H4SMe and 1a, (e) MPS and 1d with H2O2


Table 2. Pseudo first-order rate constants for the oxidation of p-XC6H4SMe with H2O2 catalysed by 1a at 258C in 80%
acetonitrile-20% watera


X


104kobs (s�1)


Order in sulphideb


[sulphide]o (M)


0.04 0.08 0.15 0.30 0.40


OMe 2.99� 0.28 3.91� 0.28 4.75� 0.42 6.00� 0.54 6.51� 0.61 0.34
Me 1.95� 0.17 2.62� 0.21 3.15� 0.30 3.95� 0.33 4.12� 0.35 0.33
H 1.48� 0.12 1.95� 0.16 2.48� 0.26 3.08� 0.27 3.29� 0.34 0.35
F 1.41� 0.14 1.79� 0.14 2.29� 0.18 2.80� 0.23 2.95� 0.31 0.33
Cl 1.03� 0.06 1.38� 0.11 1.75� 0.11 2.15� 0.19 2.25� 0.19 0.34
Br 1.01� 0.07 1.34� 0.09 1.73� 0.13 2.17� 0.18 2.26� 0.21 0.36
Ac 0.59� 0.06 0.77� 0.06 0.98� 0.08 1.19� 0.12 1.25� 0.11 0.33
NO2 0.34� 0.02 0.45� 0.05 0.55� 0.03 0.68� 0.06 0.72� 0.06 0.33


a General conditions: [1a]o¼ 0.0004 M; [H2O2]o¼ 0.004 M.
b Slope values of double logarithmic plots of kobs versus [sulphide]o.


Table 3. Effects of N-phenyl-1-anthranilic acid and solvent
composition in the 1a catalysed oxidation of MPS by H2O2 at
258Ca


103[Inhibitor]o (M) 104kobs (s�1) % Waterb 104kobs (s�1)


0.0 2.48� 0.26 10 1.67� 0.09
2.0 2.40� 0.17 20 2.48� 0.26
4.0 2.38� 0.11 30 3.69� 0.28
8.0 2.32� 0.15 40 5.61� 0.36


50 7.85� 0.55


a General conditions: [1a]o¼ 0.0004 M; [H2O2]o¼ 0.004 M; [MPS]o¼
0.15 M.
b Rest was acetonitrile.
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established by the changes in the reaction rates with
respect to changes in electronic and steric environment of
the (salen)MnIII complexes (vide infra).


The development of an absorption band with lmax


�420 nm on mixing H2O2 with an acetonitrile solution of
(salen)MnIII complexes and the subsequent decay of this
band on adding MPS (Figs 1 and 2) indicate that this new
species may be the active species responsible for the
oxidation of sulphides. The absence of a spectral band at
lmax �530 nm, which has been reported to be formed in
the (salen)MnIII/PhIO and (salen)MnIII/NaOCl sys-
tems,20,25 clearly shows that the oxidising species here
is not an oxo(salen)manganese(V) species. An oxidi-
sed dimeric intermediate, [(salpn)MnIVO]2 has been
proposed38 as the reactive species for the [(salpn)MnIII(a-
cac)] catalysed epoxidation with H2O2. But this type of
species, [(salen)MnIVO]2 in the present system may be

Copyright # 2007 John Wiley & Sons, Ltd.

excluded because the salen ligand cannot adopt the
cis-b-binding mode and also the steric demands of the
salen ligand are too great.38 One electron oxidised
metal-peroxo complexes have also been shown as reactive
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intermediates in some manganese11,34,39 and cobalt5,40


complexes catalysed oxidation reactions using oxygen
and/or peroxide. The formation of such a one-electron
oxidised metal-peroxo complex, [(salen)MnIVOOH]þ, in
the present study would result in the generation of
free radicals which would complicate the reaction.
But from the observed neat kinetics and the absence of
free radicals, it can be assumed that the MnIV-peroxo
complex is not the reactive species in the present
system. Also, the one-electron oxidised metal-peroxo
species have been postulated mostly in reactions
involving alkyl hydroperoxides39,40 or oxygen,34 while
in reactions involving H2O2,9,10c,41 HOO—coordinated
complexes are shown as reactive species. On the
basis of foregoing arguments, it may be said that the
active species responsible for the oxidation of sulphi-
des in the present study is presumably a MnIII-hydroper-
oxide, [(salen)MnIIIOOH], the formation of which can be
shown as,


½ðsalenÞMnIII�þ þ H2O2 þ H2O


!½ðsalenÞMnIIIOOH� þ H3Oþ


ðC1Þ
(3)


EPR analysis of the mixture of H2O2 and 1a at 58C
gave no signal as expected for a low-spin MnIII-OOH
intermediate. It may be pointed out here that intermediacy
of similar MnIIIOOH42 and MnIII-peracid43 complexes as
reactive species has been postulated in the (TPP)MnIIICl
catalysed epoxidation of olefins with H2O2 and peracid,
respectively. Moreover, an EPR active mononuclear
low-spin FeIII-OOH complex has been characterized as
reactive intermediate in the oxidation of alkyl phenyl
sulphides by H2O2 catalysed by a diiron complex.12


The reactivity of MnIII-OOH intermediate (C1)
seems to be dependent on the complex/H2O2 ratio,
that is, when the ratio was maintained between 1:10 and
1:30 smooth kinetics was obtained; at ratios less than
1:10 there was no reaction, while at ratios higher than
1:30 dismutation of H2O2 occurred to evolve O2. These
observations are in consistent with those made by

Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

Sawyer and coworkers.44,45 They have also proposed
that when the reaction is carried out in an oxygen
atmosphere or in the presence of excess ROOH
(R¼But or H), the reactive intermediates, [(sale-
n)MnIII(OOBut)(HOAc)] produce an oxygen adduct,
[(salen)MnIV(OOBut)(O2)(HOAc)] which oxidises
cyclohexane to cyclohexanone. Participation of O2


derived either from the dismutation of H2O2 or from the
oxygen atmosphere in the reaction process has been
suggested in some other studies also.11,46 Involvement
of such oxygen adduct as reactive species in the present
system can be ruled out on the facts that (a) under the
present experimental combinations of complex
and H2O2 (between 1:10 and 1:30) the catalase activity
and hence the generation of O2 in solution was
negligible, (b) the reaction was not carried out under
oxygen atmosphere and (c) sulphoxide formation was
noted even when the reaction was conducted in an inert
(nitrogen) atmosphere. The observation that the
evolution of dioxygen is greatly diminished in the
presence of sulphide suggests that the reactive
species C1 is responsible for the catalase activity also.
In the presence of excess H2O2 and in the absence of
sulphide, the access of a second molecule of H2O2 to
the (salen)MnIIIOOH species leads to catalase activity
as represented in Eqn (4).


The intermediate, [(salen)MnV(OH)(OOH)]þ, is
formed only in the presence of excess H2O2 and
intermediacy of such species has been proposed in the
reactions45 of hydroperoxides with (salen)MnIII(OAc)
and (PA)2FeII (PAH¼ picolinic acid) to explain the
observed catalase activity. In the presence of sulphide,
there arises a competition between H2O2 and sulphide
for the active species (C1) and hence the catalase activity
is diminished. Similar explanation has been offered for
the dismutation of H2O2 and other alkyl hydroperoxides
by Fe(II)14b,,47 and Mn(III)11,31 complexes. Thus we can
conclude that this metal-based oxidant (C1) is responsible
for sulphide oxidation at lower H2O2 concentrations.


Based on the observed experimental features, the
following mechanism (Scheme 1) is proposed for

1
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Table 4. Values of k2 and K for the oxidation of
p-XC6H4SMe with H2O2 catalysed by 1a–f at 258C in
80% acetonitrile-20% water


S.No. Complex X 104k2,a (s�1) K,a (M�1)


1 1a OMe 6.86 18.6
2 1a Me 4.49 18.7
3 1a H 3.57 17.1
4 1a F 3.17 19.1
5 1a Cl 2.51 16.7
6 1a Br 2.50 16.3
7 1a Ac 1.36 18.4
8 1a NO2 0.78 18.9
9 1b H 2.85 18.5


10 1c H 5.49 17.8
11 1d H 13.2 19.1
12 1e H 2.92 15.7
13 1f H 2.45 12.9


a Calculated from the slope and intercept of Lineweaver–Burk plots.
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the oxidation of sulphides by hydrogen peroxide in the
presence of (salen)MnIII complexes.


The proposed mechanism involves the reversible
formation of a ternary complex (C2) in which both
peroxide and the sulphide are bound to the complex. Then
the monooxidation of sulphide occurs by a nucleophilic
attack of the sulphide to the peroxide followed
by H2O release, within the manganese peroxide sulphide
complex.


Based on kinetic observations and the mechanism
proposed, the following rate expression can be derived.


� d½C1�o
dt


¼ k2K½C1�o½R2S�o
1 þ k1½R2S�o


(8)


where K, equal to k1/k-1, is known as oxidant-substrate
complex formation constant and gives a measure of the
binding affinity of the substrate to the oxidant and k2


is the complex decomposition rate constant. Such
Michaelis–Menten kinetics have been observed in the
(TPP)MnIIICl and (TMP)MnIIICl complexes catalysed
LiOCl epoxidation of olefins48 and pyridinium chlor-
ochromate,49 bis(2,2’-bipyridyl)copper(II) permanga-
nate50 and diiron complex catalysed H2O2


12 oxidations
of organic sulphides. As H2O2 is present always in excess
over 1, the conversion of 1 to C1can be considered
quantitative on the facts that (a) the absorption changes
observed during the mixing of H2O2 and 1 was
instantaneous and no further increase in absorbance with
time was noted at 258C, (b) the initial absorbance of C1


remained constant at varying [H2O2]o, and (c) kobs is
independent of H2O2 concentration (cf. Table 1).


Thus, Eqn (8) can be written as


� d½1�o
dt


¼ k2K½1�o½R2S�o
1 þ K½R2S�o


(9)


As [R2S]o >> [1]o


kobs ¼
k2K½R2S�o


1 þ K½R2S�o
(10)


Hence;
1


kobs


¼ 1


k2K


1


½R2S�o
þ 1


k2


(11)


Equation (11) suggests that a plot of 1/kobsversus 1/
[R2S]o should be a straight line with definite intercept on
the ordinate. The excellent linearity observed in the
Lineweaver–Burk plots in the present study supports the
given mechanism. Also the proposed mechanism
(Scheme 1) gets further support from substituent and
steric effect studies carried out with alkyl aryl sulphides
and substituted (salen)MnIII complexes.

Figure 4. Hammett plot for the 1a catalysed oxidation of
aryl methyl sulphides with H2O2. The points are referred to by
the same numbers as in Table 4

Substitutent-effect studies


The pseudo first-order rate constants obtained for the
oxidation of several p-substituted phenyl methyl sul-

Copyright # 2007 John Wiley & Sons, Ltd.

phides with H2O2 in the presence of 1a are included in
Table 2. Electron-donating substituents accelerate the
rate, while electron-withdrawing substituents retard it.
Using these rate constant values, the values of K and k2


have been estimated for each sulphide from Line-
weaver–Burk plots. An analysis of K and k2 values listed
in Table 4 suggests that though k2 is highly sensitive to the
nature of the substituents, K remains almost constant,
thereby establishing that the decomposition of the ternary
complex is the rate-determining step. The Hammett
correlation of log k2 with sp values shows excellent
linearity (r¼ 0.994) yielding a r value of� 0.85� 0.09
(Fig. 4). The correlation of log k2 with sþ/s�


(slope¼�0.51� 0.08, r¼ 0.983) is not better than the
sp correlation. The negative r value indicates that the
sulphur atom of the sulphide is more positively charged in
the transition state than it is in the reactant. The lower r
value �0.85 observed in this reaction may be due to the
weaker electrophilic character of MnIII-OOH than the
oxo(salen)manganese(V) complex,20 which gave a r
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Figure 5. Hammett plot for the oxidation of MPS with H2O2


catalysed by 1a–d
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value of �1.85 in the oxidation of aryl methyl sulphides
with (salen)MnIII-PhIO system. Also, this r value is
comparable to that of �0.55 obtained in the diiron
complex catalysed oxidation of sulphides with H2O2,
where intermediacy of a similar peroxide comp-
lex, FeIII-OOH has been envisaged.12


The substituents present on 5 and 5’-positions of salen
ligand greatly influence the electronic nature of (sale-
n)MnIII complexes and hence the rate of reactions they are
catalysing.20,51 Using the pseudo first-order rate constants
obtained at different initial concentrations of MPS in
presence of each of the complexes 1a–d, K and k2 values
for each complex were estimated from Lineweaver–Burk
plots and they are collected in Table 4. The Hammett
correlation of log k2 with 2sp shows an excellent linearity
with a r value of 0.33� 0.11 (Fig. 5, r¼ 0.994). The
positive r value indicates a build-up of negative charge on
metal centre in the transition state of the rate-determining
step. This r value is lower than that of 0.48 obtained in the
(salen)MnIII-PhIO system,20 which indicates a lower
charge transfer in the rate-determining step.

Table 5. Pseudo first-order rate constants for the oxidation of alky
acetonitrile-20% watera


[PhSR’] (M) R’¼Me Et


0.04 1.48� 0.12 1.19� 0.09
0.08 1.95� 0.16 1.62� 0.11
0.15 2.48� 0.19 2.11� 0.16
0.30 3.08� 0.27 2.62� 0.22
0.40 3.29� 0.34 2.87� 0.27
Order in sulphideb 0.35 0.38
104k2,c s�1 3.57 3.16
K,c M�1 17.1 14.6


a General conditions: [1a]o¼ 0.0004 M; [H2O2]o¼ 0.004 M.
b Slope values of double logarithmic plots of kobs versus [sulphide]o.
c Calculated from the slope and intercept of Lineweaver–Burk plots.
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Steric effect studies


The oxidation of alkyl phenyl sulphides (C6H5SR’;
R’¼Me, Et, Prn, Pri and But) with H2O2 in presence of 1a
was studied by measuring kobs at different initial
concentrations of each sulphide. An analysis of the data
given in Table 5 points out that the reactivity decreases in
the order of increasing bulkiness of R’. The double
logarithmic plots of kobs versus [PhSR’] show that the
order of the reaction increases from 0.35 for MPS to 0.63
for PhSBut. Here it may be pointed out that in the
oxidation of sulphides with H2O2 catalysed by TiO(a-
cac)2,52 a fractional order in MPS and a first-order in
PhSBut has been found and this observation has been
attributed to the fact that the binding of sulphide with
metal complex becomes difficult due to bulkiness of the
t-butyl group. The steric effect exerted by these sulphides
is also reflected in the magnitude of K values (Table 5),
which decreases from MPS to PhSBut. Thus, it is clear
that the binding affinity of these sulphides decreases with
increase in the bulkiness of R’. Finally, the correlation of
log(k/kMe) versus Es, as per Taft’s linear free energy-steric
energy relationship53 shows an excellent linearity
(r¼ 0.994) yielding d value of 0.34� 0.07. All these
facts indicate that the reaction is sensitive to steric
crowding at the reaction centre.


Substituents at the 7 and 8 positions of salen ligand in
metal-salen complexes are reported to modulate signifi-
cantly the steric environment of the complexes.51 The kobs


values measured at different initial concentrations of MPS
for the complexes 1a, 1e and 1f show that the presence of
methyl or phenyl group at 7 and 7’ positions of salen
ligand significantly reduces the rate of the reaction. The
values of k2 and K were also estimated and are included in
Table 4. The lower values of K for 1e and 1f than 1a
implies that the association between the complex and
sulphide is sensitive to steric environment of the
complexes.

l phenyl sulphides with H2O2 catalysed by 1a at 258C in 80%


104kobs (s�1)


Prn Pri But


0.73� 0.08 0.57� 0.05 0.14� 0.01
1.05� 0.07 0.78� 0.06 0.26� 0.02
1.50� 0.10 1.19� 0.09 0.41� 0.03
1.79� 0.13 1.53� 0.14 0.53� 0.05
2.07� 0.17 1.89� 0.18 0.62� 0.05


0.44 0.52 0.63
2.40 2.10 1.04
10.7 8.85 3.89
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ABSTRACT: Syntheses and photochromic properties of 1,2-dicyano[2.n]metacyclophan-1-enes are described.
Dicyanometacyclophan-1-enes have been prepared by novel intramolecular coupling reaction of
1,n-bis[(cyanomethyl)phenyl]alkanes in the presence of phase transfer catalyst. The photocyclization reaction of
the prepared metacyclophan-1-enes took place upon irradiation with UV light and the pale yellow solution turned to
violet due to the formation of the closed forms. The spectra and the color of the solutions returned to the initial states by
the visible irradiation. The lifetimes of the closed forms were dependent on the chain length (n). As the chain length
is shorter, the lifetime becomes longer. This is due to the steric energy of metacyclophan-1-ene. Hence, it becomes
possible to control the thermal stability of the photoisomer by the change of chain length (n). The quantum
yield for photocyclization reaction is the highest among 1,2-dicyanodiarylethene family, since the conformation
of the metacyclophan-1-ene is fixed to the photoactive form. Synthesis and photochromic properties of 1,2-
dicyano[2.n]metacyclophan-1-enes bearing various kinds of substituents are also described. Copyright # 2007 John
Wiley & Sons, Ltd.

KEYWORDS: photochromism; cyclophane; quantum yield; photocyclization; absorption spectrum; molecular switch

INTRODUCTION


Photochromism is defined as ‘the light-induced reversible
change of color’.1 When we irradiate the light to isomer
A, the structure of A changes isomer B which has
different color from that of isomer A. Isomer B returns to
isomer A upon irradiation with the light having different
wavelength or by heat. These reactions are reversible. The
photochromic compounds can be classified into two
types, P type and T type. In the P type, the isomerization
takes place only by photoirradiation. Then, this type of
photochromic compound is thermally irreversible and
both isomers are thermally stable. In the T type, the
isomerization occurs not only by photoirradiation but also
thermally.


Among various photochromic compounds, dithieny-
lethenes are especially of interest in their thermally
irreversible and high fatigue resistant properties.1b,2 The
aromatic stabilization energy of thiophene is smaller than
benzene, therefore both photoisomers have similar energy
of formation and the energy barrier between them are too
high to overcome thermally in this system.2a Although the
dithienylethenes are most promising candidate for the
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organic photomemory, the open form of a dithienylethene
has two conformations, anti-parallel and parallel confor-
mation. These conformations exchange slowly at even
room temperature.2a From the anti-parallel conformation,
photocyclization reaction takes place; however the para-
llel conformation is photo-inactive and the existence of
the parallel conformation decreases the quantum yield for
photocyclization reaction.2a


On the other hand, it is known that small [m.n]me-
tacyclophanes have large steric energy arising from both
the steric repulsion between aromatic rings and inner
substituents and/or electrostatic repulsion of the benzene
rings.3 The aromatic stabilization energy of the metacy-
clophane is getting smaller as the ring size of the
metacyclophane becomes smaller. When this system
would be applied to the photochromic [2.n]metacyclo-
phan-1-enes which are composed of two aromatic rings,
one ethene bridge and one alkyl bridge,4 it becomes
possible to control the thermal stability of the photo-
isomers by the change of the bridge length (n). That is to
say, the steric energy is dependent on the n number,
and the energy difference between two isomers could
be controlled. On the other hand, when n number is
small, the ring flipping of the aromatic ring would be
prohibited because of the steric hindrance between the
aromatic rings and the inner substituents.3 Therefore,
when a small metacyclophan-1-ene is once fixed to the
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anti-conformation, the photoinactive syn conformation no
longer forms and the quantum yield for photocyclization
reaction would become higher.


These facts encouraged us to develop the novel
photochromic [2.n]metacyclophan-1-enes with various
substituents.

EXPERIMENTAL


The light source used was 500W super high-pressure
mercury lamp and monochromic light was obtained by
passing through color filters and/or a monochromator
(Jobin Yvon).

Preparation of 4-tert-butyl-2-chloromethyl-1-
propylbenzene(2c)


To a stirred solution of 4-tert-butylpropylbenzene (1c)5


20.2 g (0.114mol) and 15.8ml of chloromethyl methyl
ether (0.196mol) in 25ml CH2Cl2 in ice bath, 4.8ml of
TiCl4 (0.070mol) was added dropwise and the mixture
was stirred for 2 h at same temperature. The reaction
mixture was poured into ice water and extracted with
CH2Cl2. The organic phase was washed with brine and
dried over MgSO4. The solvent was evaporated in vacuo
and distillation of the residue afforded 5.7g of 2c (0.025mol)
in 22% yield. 2c: colorless oil, bp 122 8C/10mmHg,
1H NMR (CDCl3, 300MHz, 258C) d 1.02 (t, 3H,
J¼ 7Hz), 1.28 (s, 9H), 1.60–1.75 (m, 2H), 2.64
(t, 2H, J¼ 7Hz), 4.65 (s, 2H), 7.16–7.32 (m, 3H); MS
m/z¼ 224 (Mþ). Anal. Calcd for C14H21Cl: C, 74.81; H,
9.42. Found: C, 74.67; H, 9.56.

Preparation of 1,2-bis(4-tert-butyl-1-
propylphen-2-yl)ethane(3c)


To a suspension of 2.74 g of magnesium turnings
(0.11mol) in 10ml of dry diethyl ether under Ar was
added dropwise to a solution of 7ml of CH3I (0.11mol) in
32ml of dry diethyl ether slowly. To the stirringmixture, a
solution of 8.6 g of 2c (38mmol) in 22ml of dry diethyl
ether was added dropwise for 30min and the mixture was
refluxed in oil bath for 1 h. The reaction mixture was
poured into ice water and acidified with 10% HCl and
extracted with diethyl ether. The organic phase was
washed with brine and dried over MgSO4. The solvent
was evaporated in vacuo and the residue afforded 3c as
colorless oil in 79% yield. 3c: colorless oil, bp> 170 8C/
30mmHg, 1H NMR (CDCl3, 300MHz, 258C) d 1.02
(t, 6H, J¼ 7Hz), 1.25 (s, 18H), 1.55–1.63 (m, 4H), 2.63
(t, 4H, J¼ 7Hz), 2.91 (s, 4H), 7.05–7.14 (m, 6H); MS
m/z¼ 378 (Mþ). Anal. Calcd for C28H42: C, 88.82; H,
11.18. Found: C, 88.59; H, 11.24.

Copyright # 2007 John Wiley & Sons, Ltd.

Preparation of 1,2-bis(5-tert-butyl-1-
chloromethyl-2-propylphen-3-yl)ethane (4c)


To a mixture of 2.0 g of 3c (5.3mmol) and 2.0ml of
chloromethyl methyl ether (25mmol) in 5ml of CH2Cl2
in ice bath, 4.8ml of TiCl4 (0.070mol) was added
dropwise and the mixture was stirred for 2 h at same
temperature. The reaction mixture was poured into ice
water and extracted with CH2Cl2. The organic phase was
washed with brine and dried over MgSO4. The solvent
was evaporated in vacuo and the residue was subjected to
a column chromatography (silica-gel). Recrystallization
of a hexane-chloroform eluate from hexane afforded 1.0 g
of 4c in 40% yield. 4c: colorless prisms (hexane), mp
145.0–147.08C, 1H NMR (CDCl3, 300MHz, 258C) d 1.09
(t, 6H, J¼ 7Hz), 1.28 (s, 18H), 1.50–1.60 (m, 4H), 2.65
(m, 4H), 2.92 (s, 4H), 4.62 (s, 4H), 7.14 (d, 2H, J¼ 2Hz),
7.22 (d, 2H, J¼ 2Hz); MS m/z¼ 474 (Mþ). Anal. Calcd
for C30H44Cl2: C, 75.77; H, 9.32. Found: C, 75.68;
H, 9.56.

Preparation of 1,2-bis(5-tert-butyl-1-
cyanomethyl-2-methylphen-3-yl)ethane (5a)


A two-phase solution of 35.0 g of 1,2-bis(5-tert-
butyl-1-chloromethyl-2-methylphen-3-yl)ethane (4a)6


(84mmol), 8.7 g of NaCN (176mmol), 450mg of NaI
(3.0mmol), and 2.2 g of tetra-n-butylammonium bromide
(6.8mmol) in 100ml of benzene and 50ml of water was
vigorously stirred at 708C for 5 h. The organic phase was
separated and the aqueous phase was extracted with
toluene and the extract was mixed with the separated
organic phase. The mixed solution was washed with brine
and dried over MgSO4. The solvent was evaporated in
vacuo and recrystallization of the residue from hexane
afforded 27.0 g of 5a (67.5mmol) in 80% yield. 5a:
colorless prisms (hexane), mp 133.0–138.08C, 1H NMR
(CDCl3, 300MHz, 258C) d 1.27 (s, 18H), 2.11 (s, 6H),
2.90 (s, 4H), 3.65 (s, 4H), 7.04 (d, 2H, J¼ 2Hz), 7.19 (d,
2H, J¼ 2Hz); MS m/z¼ 400 (Mþ). Anal. Calcd
for C28H36N2: C, 83.95; H, 9.06; N, 6.99. Found: C,
83.86; H, 9.41; N, 6.72.


Preparation of 1,2-bis(5-tert-butyl-1-
cyanomethyl-2-ethylphen-3-yl)ethane (5b)


Compound 5b was obtained from 1,2-bis(5-tert-butyl-
1-chloromethyl-2-ethylphen-3-yl)ethane (4b)4c in a
similar manner described above. The yield was 65%.
5b: colorless prisms (hexane), mp 148.0–149.08C,
1H NMR (CDCl3, 300MHz, 258C) d 1.14 (t, 6H,
J¼ 7Hz), 1.28 (s, 18H), 2.60 (q, 4H, J¼ 7Hz), 2.91
(s, 4H), 3.71 (s, 4H), 7.08 (d, 2H, J¼ 2Hz), 7.20 (d, 2H,
J¼ 2Hz); MS m/z¼ 428 (Mþ). Anal. Calcd
for C30H40N2: C, 84.06; H, 9.41; N, 6.54. Found: C,
84.24; H, 9.43; N, 6.33
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Preparation of 1,2-bis(5-tert-butyl-1-
cyanomethyl-2-propylphen-3-yl)ethane (5c)


Compound 5c was obtained from 4c in a similar manner
described above. The yield was 61%. 5c: colorless prisms,
mp 157.0–158.08C, 1H NMR (CDCl3, 300MHz, 258C) d
1.03 (t, 6H, J¼ 7Hz), 1.30 (s, 18H), 1.52 (m, 4H,
J¼ 7Hz), 2.51 (m, 4H), 2.88 (s, 4H), 3.70 (s, 4H), 7.11 (d,
2H, J¼ 2Hz), 7.26 (d, 2H, J¼ 2Hz); MS m/z¼ 456
(Mþ). Anal. Calcd for C32H44N2: C, 84.16; H, 9.71; N,
6.13. Found: C, 84.35; H, 9.63; N, 6.02.

Preparation of 1,2-bis(5-tert-butyl-1-
cyanomethyl-2-methoxyphen-3-yl)ethane (5d)


Compound 5d was obtained from 4d6 in a similar manner
described above. The yield was 83%. 5c: colorless prisms,
mp 146.0–149.08C (hexane), 1H NMR (CDCl3, 300MHz,
258C) d 1.27 (s, 18H), 2.94 (s, 4H), 3.73 (s, 4H), 3.77
(s, 6H), 7.12 (d, 2H, J¼ 2Hz), 7.23 (d, 2H, J¼ 2Hz); MS
m/z¼ 432 (Mþ). Anal. Calcd for C28H36N2O2: C, 77.74;
H, 8.39; N, 6.48. Found: C, 77.56; H, 8.39; N, 6.46.

Preparation of 1,3-bis(5-tert-butyl-1-
cyanomethyl-2-methylphen-3-yl)propane (5e)


Compound 5e was obtained from 4e7 in a similar manner
described above. The yield was 85%. 5e: colorless prisms
(hexane), mp 135.0–139.08C, 1H NMR (CDCl3,
300MHz, 258C) d 1.31 (s, 18H), 1.75–1.90 (m, 2H),
2.29 (s, 6H), 2.68–2.76 (m, 4H), 3.68 (s, 4H), 7.17 (d, 2H,
J¼ 2Hz), 7.20 (d, 2H, J¼ 2Hz); MS m/z¼ 414 (Mþ).
Anal. Calcd for C29H38N2: C, 84.01; H, 9.24; N, 6.76.
Found: C, 84.49; H, 8.49; N, 6.21.

Preparation of 1,4-bis(5-tert-butyl-1-
cyanomethyl-2-methylphen-3-yl)butane (5f)


Compound 5f was obtained from 4f7 in a similar manner
described above. The yield was 80%. 5f: colorless prisms
(hexane), mp 130.0–135.08C, 1H NMR (CDCl3,
300MHz, 258C) d 1.30 (s, 18H), 1.60–1.72 (m, 4H),
2.25 (s, 6H), 2.65–2.72 (m, 4H), 3.68 (s, 4H), 7.16 (d, 2H,
J¼ 2Hz), 7.20 (d, 2H, J¼ 2Hz); MS m/z¼ 428 (Mþ).
Anal. Calcd for C30H40N2: C, 84.06; H, 9.41; N, 6.54.
Found: C, 83.68; H, 9.60; N, 6.28.


Preparation of 5,13-di-tert-butyl-1,2-dicyano-
8,16-dimethyl[2.2]metacyclophan-1-ene (6a)


To a vigorously stirred two-phase solution of 40.0 g of
NaOH (1.0mol), 2.5 g of tetra-n-butylammonium bro-
mide (7.7mmol), and 50ml of CCl4 in 100ml of benzene
and 40ml of water at 708C, a solution of 25.0 g of 5a

Copyright # 2007 John Wiley & Sons, Ltd.

(63mmol) in 100ml of benzene and 100ml of CCl4 was
added dropwise for 2 h and the mixture was stirred
vigorously at the same temperature for 4 h. The product
was extracted with toluene and the extract was washed
with brine and dried over MgSO4. The solvent was
evaporated in vacuo and the residue was subjected to
silica-gel column chromatography. Recrystallization of
the hexane-CH2Cl2 (1:1) eluate from hexane-acetone
(4:1) afforded 8.0 g of 6a (20mmol) in 32% yield. 6a:
yellow prisms (hexane-acetone), mp 222.0–224.08C,
1H NMR (CDCl3, 300MHz, 258C) d 0.73 (s, 6H), 1.30
(s, 18H), 2.50 (m, 2H), 2.98 (m, 2H), 7.19 (s, 4H); MS
m/z¼ 396 (Mþ). Anal. Calcd for C28H32N2: C, 84.80;
H, 8.13; N, 7.06. Found: C, 84.79; H, 8.33; N, 7.07.

Preparation of 5,13-di-tert-butyl-1,2-dicyano-
8,16-diethyl[2.2]metacyclophan-1-ene (6b)


Compound 6b was obtained from 5b in a similar manner
described above. The yield was 16.7%. 6b: orange prisms
(hexane), mp 175.0–180.08C, 1H NMR (CDCl3,
300MHz, 258C) d 0.24 (t, 6H, J¼ 7Hz), 0.32–0.42 (m,
4H), 1.26 (s, 18H), 2.21–2.30 (m, 2H), 2.72–2.81 (m, 2H),
6.89 (d, 2H, J¼ 2Hz), 6.93 (d, 2H, J¼ 2Hz); MS
m/z¼ 424 (Mþ). Anal. Calcd for C30H36N2: C, 84.86;
H, 8.55; N, 6.60. Found: C, 84.63; H, 8.58; N, 6.70.

Preparation of 5,13-di-tert-butyl-1,2-dicyano-
8,16-dipropyl[2.2]metacyclophan-1-ene (6c)


Compound 6c was obtained from 5c in a similar manner
described above. The yield was 10%. 6c: yellow prisms
(hexane), mp 182.5–183.48C, 1H NMR (CDCl3,
300MHz, 258C) d 0.52 (t, 6H, J¼ 7Hz), 0.75–0.93 (m,
4H), 1.20–1.34 (m, 4H), 1.30 (s, 18H), 2.46–2.49 (m, 2H),
2.97–3.02 (m, 2H), 7.12 (d, 2H, J¼ 2Hz), 7.18 (d, 2H,
J¼ 2Hz); MS m/z¼ 452 (Mþ).

Preparation of 5,13-di-tert-butyl-1,2-dicyano-
8,16-dimethoxy[2.2]metacyclophan-1-ene (6d)


Compound 6d was obtained from 5d in a similar manner
described above. The yield was 23%. 6d: orange prisms
(hexane), mp 239.0–240.08C, 1H NMR (CDCl3,
300MHz, 258C) d 1.31 (s, 18H), 3.18 (s, 6H),
2.52–2.62 (m, 2H), 2.68–2.77 (m, 2H), 7.12 (d, 2H,
J¼ 2Hz), 7.19 (d, 2H, J¼ 2Hz); MS m/z¼ 428 (Mþ).
Anal. Calcd for C28H32N2O2: C, 78.47; H, 7.53; N, 6.54.
Found: C, 78.47; H, 7.58; N, 6.57.

Preparation of 5,14-di-tert-butyl-1,2-dicyano-
8,17-dimethyl[2.3]metacyclophan-1-ene (6e)


Compound 6e was obtained from 5e in a similar manner
described above. The yield was 4.9%. 6e: colorless prisms
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Figure 2. Energies of formation of the open (dot line) and
closed form (solid line) of [2.n]metacyclophan-1-enes
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(hexane), mp 269.5–271.08C, 1H NMR (CDCl3,
300MHz, 258C) d 0.86 (s, 6H), 1.31 (s, 18H),
1.96–2.00 (m, 2H), 2.42–2.52 (m, 2H), 2.62–2.72
(m, 2H), 7.16 (d, 2H, J¼ 2Hz), 7.20 (d, 2H, J¼ 2Hz);
MSm/z¼ 410 (Mþ). Anal. Calcd for C29H34N2: C, 84.83;
H, 8.35; N, 6.82. Found: C, 84.58; H, 8.62; N, 6.42.


Preparation of 5,15-di-tert-butyl-1,2-dicyano-
8,18-dimethyl[2.4]metacyclophan-1-ene (6f)


Compound 6f was obtained from 5f in a similar manner
described above. The yield was 21%. 6f: colorless prisms
(hexane), mp 264.0–265.08C, 1H NMR (CDCl3,
300MHz, 258C) d 0.90–1.11(m, 2H), 1.02 (s, 6H),
1.32 (s, 18H), 1.33–1.50(m, 2H), 2.21–2.31 (m, 2H), 2.72–
2.77 (m, 2H), 7.03 (d, 2H, J¼ 2Hz), 7.32 (d, 2H,
J¼ 2Hz); MS m/z¼ 424 (Mþ). Anal. Calcd for
C30H36N2: C, 84.86; H, 8.55; N, 6.60. Found: C,
84.71; H, 8.74; N, 6.65.


RESULTS AND DISCUSSION


Molecular design


As mentioned above, [2.n]metacyclophan-1-enes are
sorts of diarylethenes, and two aromatic rings are fixed
by two intramolecular bridges (Fig. 1). One can expect
following novel features in the photochromism of these
[2.n]metacyclophan-1-enes: (1) control of thermal
stability by the change of ‘X’ becomes possible; (2)
high quantum yield for photocyclization reaction can be
expected because the conformation can be fixed to the
photoactive one; (3) various types of derivatives with
various absorption of light can be synthesized by the
change of the functional group R; (4) photochromic
reaction in the limited space is possible since the
geometry change before/after photochromic reaction is
small.


Figure 2 shows the calculated energies of formation of
the open forms (6a, 6e, 6f) and closed form (7a, 7e, 7f) of
1,2-dicyano[2.n]metacyclophan-1-enes having various
chain lengths. The calculations were carried out with
AM1 inMOPAC.When the chain length (n) is short in the
open form like n¼ 2, the steric repulsion occurs between
the inner methyl groups and the opposite benzene rings.
Then, the energy of formation increases in small
cyclophanes. On the other hand, when the chain length
of the closed form is long, the alkyl chain should be folded
in small space and this increases the energy of formation.

X


R5


R6


R3
R4


R1
R2


UV


Vis. or 


Figure 1. Photochromic reaction of [2.n]metacyclophan-1-ene
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Hence, in the closed form, the energy of formation
becomes higher, as the chain length becomes longer as
shown in Fig. 2. Then, as the chain length becomes
shorter, the difference of the energy of formation of the
each photoisomer becomes smaller. In general, when
the energy difference between two photoisomers is small,
the activation energy for thermal reaction would become
large and in this system the higher energy one is thermally
unstable.8 In [2.n]metacyclophan-1-ene system, when the
chain length n is short, the energy difference is small and
the thermal stability becomes higher. On the other hand,
when the chain length (n) is long, the energy difference
becomes large and the closed form can easily return to
the open form thermally. Therefore, it is predictable that
the change of the length of the methylene chain (n)
enables us to control the thermal stability of photo-
chromic [2.n]metacyclophan-1-ene.


Figure 3 shows the concept for high quantum yield for
photocyclization reaction of [2.n]metacyclophan-1-enes.
In small [2.n]metacyclophan-1-ene system, the ring
flipping hardly occurs since there is steric hindrance
between the inner substituents and the opposite benzene
rings. Therefore, once we isolate the photoactive
anti-conformation of [2.n]metacyclophan-1-ene, it would
never give the photoinactive syn conformation and the
quantum yield would be expected to be higher.


Synthesis and characterizations


Scheme 1 shows the syntheses of [2.n]metacyclopha-
n-1-enes having various substituents and chain length.
Intramolecular coupling reactions of bis(cyanomethyl)ar-

R1


R2


X


R3 R4


R5 R6


∆
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Figure 4. 1H NMR spectrum of 6a in CDCl3 (300MHz,
258C)
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Figure 3. Concept for high quantum yield for photocycliza-
tion reaction in [2.n]metacyclophan-1-enes
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enes have been accomplished by a modified manner to
that described in the literature, which indicated the
intermolecular coupling reaction of the cyanomethylar-
enes.9 When we compared the yields for the intramole-
cular cyclization reaction, the yield for the formation of
the smallest [2.2] system 6a, which is supposed to be the
most distorted, was the best in dimethyl[2.n]metacyclo-
phan-1-ene syntheses (6e, 6f). With an even number of the
incorporated methylene groups in the cyclophane bridge,
the yields of the ring closure reaction were fairly good
(n¼ 2, 32%; n¼ 4, 21%), and not good yield was found in
odd number of methylene groups in the cyclophane
bridge (n¼ 3, 4.9%). This is probably due to the

n-Pr


t-Bu


n-Pr


t-Bu


CH2Cl


R


t-Bu


R


t-Bu


CH2Cl
ClH2C NCH


NC


CN


t-Bu
t-Bu


R
R


t-Bu


NC


1c 2c


4a-f


6a-f


ClCH2OCH3, TiCl4


CH2Cl2


CH3MgI, ethe


NaCN, TBABr, NaI


PhH, water


UV


Vis. or D


n-1


n-1


Me


Me


Me


Me


Me


Me


CNNC


M


Me


Me


Me


NC


UV


Vis. or D


8a 8b


Scheme


Copyright # 2007 John Wiley & Sons, Ltd.

conformation of the intermediates. The intermediates
for [2.2] and [2.4]metacyclophane-1-enes are more stable
than that for [2.3]cyclophan-1-ene, then we could observe
odd-even rule in this intramolecular coupling reaction.


Figure 4 shows the 1H NMR spectrum (in CDCl3,
300MHz, 258C) of 6a as example. The signals for inner
methyl group appeared at d¼ 0.73 which is about 1.4 ppm
higher magnetic field shifted compared with that of
4-tert-butyltoluene. This is due to the shielding effect of
the ring current of the opposite benzene rings,10 therefore
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Figure 5. Absorption spectral changes upon irradiation
with 313 nm light. (a) 6a in hexane-CH2Cl2, (b) 6d
in CH2Cl2, and (c) 6e in CH2Cl2.
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the [2.2]metacyclophan-1-ene is anti-conformation which
could carry out the photocyclization reaction. The
dynamic 1H NMR spectra were also measured at
1508C, however no change was observed. Therefore,
the ring flipping never occurs below this temperature. We
have already reported that the optically resoluted
enantiomers of dimethyl[2.2]metacyclophan-1-ene deri-
vative never racemized even at 2008C.11 This fact also

Table 1. Absorption maxima (nm) of [2.n]metacyclophan-1-ene


Derivatives a b


Open form 6 280, 345 286, 350 285,
Closed form 7 330, 555 339, 593 339,


a Not available.
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supported that no ring flipping occurs in this system in
ambient temperature, since the racemization should take
place via ring flipping of the benzene ring. On the other
hand, the chemical shifts of the inner methyl groups of
[2.3]metacyclophan-1-ene 6e and [2.4]metacyclopha-
n-1-ene 6f appeared at 0.86 and 1.02 ppm, respectively.
These signals are also shifted to the higher magnetic field
compared with that of usual methyl group on benzene
ring, then these [2.3] and [2.4]metacyclophan-1-enes
were also photoactive anti-conformations.

Absorption spectral changes


As examples, Fig. 5a–c shows the absorption spectral
changes of a hexane-CH2Cl2 (9:1) solution of 6a and that
of CH2Cl2 solutions of 6d and 6e upon irradiation with
366 nm light, respectively. The pale yellow solutions of
the open forms turned to blue-violet by UVirradiation and
the spectrum and color returned to the initial one by
visible irradiation longer than 520 nm, showing photo-
chromic properties. Although all synthesized [2.n]meta-
cyclophan-1-enes showed photochromism, the thermal
discoloration of the closed form of [2.4]metacyclopha-
n-1-ene 7f is too fast to measure the absorption spectrum
of the closed form with our present instruments. The
lifetime of 7f was estimated to be shorter than 1 s at
ambient temperature. Table 1 summarizes the absorption
maxima of the open and closed forms of the synthesized
[2.n]metacyclophan-1-enes. Although the absorption
maxima are dependent on the inner substituents (R), no
remarkable difference was observed in the chain
length (n).

Thermal stability


The closed forms 7 thermally isomerized to return to the
open form 6. The lifetimes of the closed form were
dependent on both the chain length (n) and the
substituents (R). The activation energies for thermal ring
opening reaction and the half-lifetimes of the closed
forms are summarized in Table 2. When the chain length
of the [2.n]metacyclophan-1-ene became longer, the
activation energy decreased and the lifetime of the closed
form became shorter as predicted. In case of tetrahy-
dropyrene form, the half-lifetime of 7a was 53 days at
273K. While those of [2.4]metacyclophane could not be
estimated, the thermal ring opening reaction was too fast.

s


c d e f


351 276, 343 280, 345 280, 345
592 325, 619 336, 555 —a
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Table 2. Activation energiesa for thermal ring opening reaction and half-lifetimes of the closed form at 273K


Derivatives 7 a b c d e f 89


Activation energy (kcalmol�1) 17.0 16.2 18.8 NA 10.5 NA NA
Pre-exponential factor (s�1) 6.6� 106 2.2� 106 1.6� 108 NA 1.2� 104 NA NA
Half-lifetime 53 days 38 days 58 days 200 sb 25min <1 s 3minc


a kcalmol�1.
b At 303K.
c Disappeared completely.
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Although the blue color of the closed form 7f (n¼ 4,
R¼Me) could be recognized during UV irradiation, the
color suddenly disappeared by stopping the irradiation.
Therefore, the closed form 7f was too thermally unstable
to measure the spectra in our present facilities.


When we compare the lifetimes of 7a–c and 7e with
that of non-bridged type 8b, of which lifetime was
reported as 3min,9 the closed forms of [2.2] and
[2.3]metacyclophan-1-enes are more thermally stable
photochromic compounds. The closed form of [2.2]meta-
cyclophan-1-ene having methoxy group 7d easily
isomerized to the open form. Similar phenomenon has
been reported in the dithienylethene system.12 The
thermal ring opening reactions of the closed forms of
the dithienylethenes having alkoxy group at their inner
position were faster than those of the dithienylethenes
with alkyl group.


The activation energies of the thermal isomerizations
of 7a–c and 7e were studied by their Arrhenius plots
(Fig. 6). The activation energies and pre-exponential
factors for thermal reactions from the closed forms to the
open forms are summarized in Table 2. The difference of
the activation energies of 7a and 7e are due to the
difference of the formation of energies of the open ring
forms and those of the closed ring form as we have
predicted. On the other hand, the thermal stabilities of the
closed form of [2.2]metacyclophan-1-enes 7a–c are
scarcely different, while that of 7d with methoxy group
was quite unstable. Then, these results suggested that the
electronic effect of the inner substituents is more efficient
than their steric effects in the thermal ring opening

-16
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-6
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ln
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Figure 6. Arrhenius plots for thermal ring opening reac-
tions of 7; blank circle: 7a, blank triangle: 7b, blank rhombus
7c, filled square 7e.
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reaction of the closed form of [2.2]metacyclophan-
1-enes.


Quantum yields for photochromic reactions


The quantum yields for photocyclization of [2.2]meta-
cyclophan-1-ene 6a–c and photo-ring opening reaction of
7a were estimated and summarized in Table 3.13 The
quantum yields for the photocyclization reaction of 6a–c
upon irradiation with 313 nm light were estimated as 0.39,
0.33 and 0.35, respectively. The photocyclization
quantum yield is dependent not only on the electronic
structure of the compound but also on the structure,
especially distance between the reactive atoms. These
phenomena have been found in the photochromic reaction
of the dithienylethenes in the single crystal.15 Therefore,
the photocyclization quantum yields of the dithieny-
lethenes depend on the inner substituents since the
distance is concerned with the steric hindrance between
the inner substituents. In the [2.2]metacyclophan-1-ene
system, the structure of the cyclophane is very rigid and
the distance between the reactive carbon atoms is hardly
influenced by the inner substituents. Therefore, the
quantum yields of photocyclization reactions of 6a–c
become almost similar. The photocyclization quantum
yields of dicyano[2.2]metacyclophan-1-enes are the
highest in 1,2-dicyanodiarylethene family.14 This is due
to the fixation of metacyclophan-1-enes to the photoactive
anti-conformation by double bridging. Then, one can say
that the cyclophane structure could enhance the efficiency
for photocyclization reaction. The quantum yield for
photo-ring opening reaction of 7a was estimated as 0.27.

CONCLUSIONS


We have demonstrated the syntheses and photochromic
reactions of 1,2-dicyano[2.n]metacyclophan-1-ene

Table 3. Quantum yields for photocyclization and
photo-ring opening reactions of 6a–c


Derivatives 6a 6b 6c


Photocyclization 0.39 0.33 0.35
Photo-ring opening 0.27 —a —a


aNot estimated.
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derivatives. Metacyclophan-1-ene system enables us to
carry out to control the thermal stability of the photo-
isomer and highly efficient photochromic reaction. We
have already extended the researches on these compounds
to the enantiospecific photochromic reaction,11 the
photoreversible optical rotation change, 16 and the photo-
reversible refractive index change.17 Also, we have
already developed the heteroaromatic analogues of meta-
cyclophan-1-enes and have reported a thermally irre-
versible heterophan-1-ene.18 One of our next projects is to
develop thermally irreversible photochromic system by
use of [2.n]metacyclophan-1-enes bearing benzene rings.
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